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ABSTRACT 
This  Final  Report  descr ibes  work on a program whose o b j e c t i v e  was t o  d e t e r -  
mine  the  f eas ib i l i t y  of d e s i g n i n g  a n  e x p a n d a b l e  a i r l o c k  u t i l i z i n g  e l a s t i c  
r e c o v e r y   m a t e r i a l s .  The a i r l o c k   d e s i g n   c r i t e r i a   i n c l u d e d   r e q u i r e m e n t s   f o r  
easy  crew  t ransfer ,   micrometeoroid and the rma l  p ro tec t ion ,  maximal f l e x i -  
b i l i t y ,  m u l t i p l e  d e p l o y m e n t  - r e t r a c t i o n  c y c l e s ,  and  minimal  leakage. The 
c r i t e r i a  r e s u l t e d  i n  a n  e x p a n d a b l e  a i r l o c k  d e s i g n  a p p r o x i m a t e l y  4 f t  i n  
diameter and 7 f t  long  with a to ta l  sys tem weight  of  101  lb .  
The design of  the expandable  a i r lock was accomplished in  accordance with 
a l l   p r o t e c t i v e ,   s t r u c t u r a l ,  and   opera t iona l   requi rements .  The shape  of  the 
s t r u c t u r a l   f a b r i c  was based   on   i so t enso id   cha rac t e r i s t i c s .   Th i s   des ign  
approach provides  convolut ions in  the composi te  wal l ,  which also improves 
packag ing   and   fo ld ing   cha rac t e r i s t i c s .  The ope ra t iona l   r equ i r emen t s  
s u g g e s t  t h e  u s e  o f  c a b l e s  t o  r e t r a c t  t h e  a i r l o c k  f o r  s t o r a g e  d u r i n g  p e r i o d s  
when t h e  s t r u c t u r e  i s  no t  i n  use ;  t he  sys t em des ign  de f ines  a mechanism 
u t i l i z i n g  t h i s  means o f   r e t r a c t i o n .   A n a l y s i s   h a s  shown t h a t  t h e  e l a s t i c  
recovery  layers  would  provide  the  necessary  pro tec t ion  aga ins t  space  hazards  
when t h e  a i r l o c k  was deployed. 
This s t u d y   h a s   i n d i c a t e d   t h a t  an expandab le   a i r lock   u s ing   e l a s t i c   r ecove ry  i 
m a t e r i a l s  i s  d e f i n i t e l y  f e a s i b l e ;  Narmco t h e r e f o r e  recommends t h a t  f a b r i -  
ca t ion  of  a comple t e  t e s t  sys t em be  in i t i a t ed .  
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I. INTRODUCTION 
The e l a s t i c  r e c o v e r y  c o n c e p t  i s  a mechanism by which a f l e x i b l e  s t r u c t u r e  
may be e r e c t e d  i n  space. This  concept i s  p a r t i c u l a r l y  w e l l  s u i t e d  t o  a n  
expandable  a i r lock ,  as i t  provides  a wall which i s  s e l f - e r e c t i n g  and s e l f -  
suppor t ing .  The e r e c t i o n   o f   t h e   s t r u c t u r e   t a k e s   p l a c e  from t h e   s t o r e d  
potent ia l   energy  within  the  compressed  composi te  wal l .  B a s i c a l l y ,   t h e  
composi te   cons is t s   o f   f lex ib le   fac ings   and  a foam c o r e .  The s t r u c t u r e  
i s  packaged into a small volume by a l t e r n a t e l y  f o l d i n g  and compressing the 
compos i t e   wa l l   s ec t ion .  Upon r e l e a s e   o f   t h e   c o n s t r a i n e d   s t r u c t u r e   i n   s p a c e ,  
t he  s to red  po ten t i a l  ene rgy  i s  s u f f i c i e n t  t o  e r e c t  t h e  s t r u c t u r e  and a l low 
i t  t o  be se l f - suppor t ing  wi thou t  any  ex te rna l  i n f luences .  
This concept was i n i t i a l l y  i n v e s t i g a t e d  by Narmco under  Contract  NASw-661, 
e n t i t l e d  "Development and Evaluation of the Elastic Recovery Concept for 
Expandable  Space  Structures"  (Reference 1). Th i s   s tudy   r e su l t ed   i n   t he  
d e t e r m i n a t i o n  o f  t h e  p o s s i b l e  a r e a s  o f  a p p l i c a t i o n  f o r  t h e  e l a s t i c  r e c o v e r y  
p r i n c i p l e .  
The p r e s e n t  c o n t r a c t  was  a c o n t i n u a t i o n  e f f o r t  whose o b j e c t i v e  was t o  
d e t e r m i n e  t h e  f e a s i b i l i t y  of d e s i g n i n g  a n  e x p a n d a b l e  a i r l o c k  u t i l i z i n g  
e l a s t i c   r e c o v e r y  materials. The parameters invest igated  included  micro-  
meteoroid and the rma l   p ro t ec t ion ,  maximum f l e x i b i l i t y ,  m u l t i p l e  d e p l o y -  
ment - r e t r a c t i o n  c y c l e s ,  and minimum leakage.  The design  of  the  expandable 
a i r l o c k  i s  shown i n  F i g u r e  1. 
The subsequent  tex t  de l inea tes  the  methods  and  approach  used i n  t h e  d e t e r -  
mina t ion  of  these  requi rements .  
- - 
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FOLDED AIR LOCK 
SPACE VEHICLE 
Figure  1. Expandable A i r l o c k  
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11. DESIGN CRITERIA 
The bas i c  des ign  c r i t e r i a  o r  gu ide l ines  fo r  t he  deve lopmen t  o f  t he  expandab le  
a i r l o c k  are l i s t e d  i n  T a b l e  1. 
The primary requirement was t o  d e s i g n  a n  a i r l o c k  w h i c h  p r o v i d e s  p r o t e c t i o n  
from the space environment and s t i l l  m a i n t a i n s  t h e  n e c e s s a r y  f l e x i b i l i t y  f o r  
packaging. An addi t iona l   requi rement  was t ha t   t he   a i r lock   sys t em  have  
the  capabi l i ty  of  be ing  repackaged  dur ing  the  miss ion .  
TABLE 1 
DESIGN CRITERIA FOR THE EXPANDABLE AIRLOCK 
Orbi t  Parameters  
I n t e r n a l  Temp Range 
Thermal Control 
S t ruc tu ra l  Des ign  
Hatch Design 
Leakage 
Meteoroid  Protect ion 
Rad ia t ion  
200-nm c i r c u l a r  o r b i t  
28.7" i n c l i n a t i o n  
50"-80°F w i t h  a des ign  temp of 64°F 
Passive system only 
Ref lec t ion  f rom a s p a c e  s t a t i o n  t o  b e  
cons idered  as  tha t  f rom a 260- in .  d i a ,  
c i r c u l a r ,   f l a t   s e c t i o n  
I n t e r n a l  p r e s s u r e  t o  10 p s i  ope ra t ing  
B u r s t   ( u l t . )   f a c t o r   s a f e t y  = 5 
Opening force  of  40 l b  o r  l e s s  w i t h  
no p r e s s u r e  d i f f e r e n t i a l  
C a p a b i l i t y  of being opened from either 
s i d e  
Max. of 0.01 lb/day @ 1-atm pres su re  
d i f f e r e n t i a l  & 60°F temp 
C r i t i c a l  m e t e o r o i d  mass used  for  the  
a n a l y s i s  & t h e  tes t  r e s u l t s  d i s c u s s e d  
i n  S e c t i o n  V I  
Not des igned  in to  the  a i r lock  wa l l  due  
t o  t h e  s h o r t  p e r i o d s  of  t ime  the 
a s t r o n a u t  i s  i n  t h e  a i r l o c k  ( s e e  
Sec t ion  VII )  
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111. MATERIALS 
The materials fo r  t he  expandab le  a i r lock  wal l  were  d iv ided  in to  four  major  
f u n c t i o n a l  c a t e g o r i e s :  t h e  o u t e r  t h e r m a l  c o n t r o l  s u r f a c e ,  l a y e r s  f o r  m e t e o r o i d  
and   thermal   p ro tec t ion ,   s t ruc tura l   fabr ic ,   and   inner   imperv ious   l ayer .  (The 
l a y e r s  f o r  t h e  e n v i r o n m e n t a l  p r o t e c t i o n  a l s o  p r o v i d e  t h e  e l a s t i c  r e c o v e r y  
mechanism fo r   a i r lock   dep loymen t  .) 
A .  Thermal   Control   Surface 
The t h e r m a l  c o n t r o l  s u r f a c e  was n o t ,  as such ,  de te rmined  dur ing  th i s  
e x p a n d a b l e   a i r l o c k   f e a s i b i l i t y   s t u d y .  However, through  the  thermal  
a n a l y s i s   ( S e c t i o n   I V ) ,   t h e   r e q u i r e d   s u r f a c e   c h a r a c t e r i s t i c s   f o r   t h e   s o l a r  
a b s o r p t i v i t y  a n d  e m i s s i v i t y  were found to be = 0.19 and E = 0.25, 
r e s p e c t i v e l y .   T h e s e   o p t i c a l   v a l u e s  w i l l  m a i n t a m  t h e  i n t e r n a l  a i r  tempera- 
t u r e  o f  t h e  a i r l o c k  w i t h i n  t h e  r e q u i r e d  r a n g e  when s u b j e c t e d  t o  maximal 
h e a t i n g  . 
% 
The second thermal  condi t ion ,  min imal  hea t ing ,  causes  the  tempera ture  to  
s t a b i l i z e  a t  a l e v e l  below  the  design l imits.  However, t h i s   r a n g e  i s  
w i t h i n  t h e  t empera tu re  c a p a b i l i t i e s  o f  t h e  e l a s t i c  r e c o v e r y  m a t e r i a l s .  
It i s  a n t i c i p a t e d  t h a t  t h e  c o a t i n g  w h i c h  g i v e s  t h e  r e q u i r e d  o p t i c a l  
p r o p e r t i e s  w i l l  be  determined by t e s t  du r ing  the  nex t  phase  o f  work .  Some 
o f  t h e  t e s t s  w i l l  be performed on c l o t h  w h i c h  h a s  d i r e c t  a p p l i c a t i o n  o f  
t he  the rma l  con t ro l  coa t ing  by e l ec t ro -chemica l  depos i t i on .  
This  technique  has  been  inves t iga ted  by Narmco and  appears  to  be  feas ib le .  
I f  o p t i c a l  p r o p e r t i e s  c a n  b e  a c h i e v e d  by this  approach,  an improvement  in  
compos i t e  f l ex ib i l i t y  cou ld  be  ob ta ined .  
B .  Mater ia l s   for   Micrometeoro id   Pro tec t ion  
The ma te r i a l s  fo r  mic rometeo ro id  p ro tec t ion  cons i s t  of f l e x i b l e  l a m i n a t e  
bumper layers   and   po lyure thane  foam. 
The l a t t e r  t y p e  o f   ma te r i a l   s e rves   t h ree   func t ions  by (1) providing  the-  
e l a s t i c  r e c o v e r y  mechanism, (2)  p r o v i d i n g   t h e r m a l   i n s u l a t i v e   q u a l i t i e s ,  
and (3 )  absorbing  the  f ragments   of   the   micrometeoroid  par t ic le .  The 
type of foam used i n  t h e  s t u d y  was open c e l l  o f  approximate ly  1 .3- lb / f t3  
dens i ty .   Th i s   t ype   o f  foam was found,   f rom  previous  experience,   to   be 
b e s t   s u i t e d   f o r   t h e   e l a s t i c   r e c o v e r y  mechanism  (Reference 1). L igh te r  
d e n s i t y  foam d i d  n o t  h a v e  t h e  s u b s t a n c e  f o r  e l a s t i c  r e c o v e r y ,  and heav ie r  
foam  would r e s u l t  i n  a weight  pena l ty .  
I 
The ma te r i a l  fo r  t he  l amina te  l aye r s  o f  t he  compos i t e  l aye r  evo lved  f rom 
the  oppos i te  requi rements  of  th ickness  requi red  for  micrometeoro id  f rag-  
men ta t ion   and   f l ex ib i l i t y   necessa ry   fo r   packag ing .   Fo r   t he   l amina te s ,   fou r  
t y p e s  of   adhesive materials were  considered as poss ib le   candida tes .   These  
materials a r e  l i s t e d  i n  T a b l e  2 .  
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TABLE 2 
CANDIDATE ADHESIVE  MATERIALS 
Res i n   E l a s t o m e r  
Polyvinyl idene  Chlor ide  Latex  
Polyeythylene 
RTV s i l i c o n e  
Polyure thane  
rubber  
The l a s t  r e s i n  s y s t e m  l i s t e d ,  p o l y u r e t h a n g a n d  a l s o  RTV s i l i c o n e  r u b b e r  
a re  the  p re fe r r ed  adhes ive '  materials s i n c e  w i t h  t h e s e  m a t e r i a l s  e l e v a t e d  
temperature  i s  n o t  r e q u i r e d  f o r  c u r i n g .  
Dur ing   the   ear ly   phases   o f   the   p rogram,   the   po lyvinyl idene   ch lor ide   res in  
looked  most  promis ing  f rom exper ience  ga ined  in  fabr ica t ing  f la t  sample  
p a n e l s .  However, p r o c e s s i n g   d i f f i c u l t i e s   o c c u r r e d  when t h e  r e s i n  was used 
f o r   f a b r i c a t i n g  a l a r g e - s i z e   p a n e l .  The problems  resul ted  f rom  the  high 
v i s c o s i t y   o f   t h e   r e s i n   a n d   t h e   2 5 0 ° F   t e m p e r a t u r e   r e q u i r e d   f o r   c u r e .   F o r  
la rge  a rea  bonds ,  the  combina t ion  of  time and temperature degraded both 
t h e  foam  and r e s i n .  
The u s e  o f  p o l y e t h y l e n e  f i l m  a s  t h e  m a t r i x  and  adhes ive  for  bonding  c lo th  
t o  foam  was a l s o  e v a l u a t e d .  A temperature   of   approximately 220'F was 
r e q u i r e d  t o  f u s e  t h e  f i l m  t o  t h e  c l o t h  and t h e  foam.  The r e s u l t  was a n  
adequa te - s t r eng th  bond and  improved f l ex ib i l i t y .   Th i s   t echn ique   o f   bond ing  
t h e  c l o t h  t o  foam wi th  a f i l m  m a t e r i a l  was not  a t tempted  on  a l a r g e  s u r f a c e  
pane l ;   hence ,   the  time and   t empera tu re   e f f ec t s  were not   determined.  Use 
o f  t h e  p o l y e t h y l e n e  f i l m  r e s u l t e d  i n  f l e x i b l e  c o m p o s i t e  s e c t i o n s  d u e  t o  t h e  
f a c t  t h a t  t h e r e  was l i m i t e d  i m p r e g n a t i o n  o f  t h e  f i l m  i n t o  t h e  c l o t h  o r  foam. 
The t e c h n i q u e  f o r  l i m i t i n g  t h e  r e s i n  i m p r e g n a t i o n  was found t o  be the  key 
t o  improved   composi te   f lex ib i l i ty .   Severa l   methods   for   l imi t ing   the  
impregnat ion were at tempted by Narmco; t h e s e  i n c l u d e d  c h a n g i n g  t h e  r e s i n  
v i s c o s i t y  and u t i l i z i n g  d i f f e r e n t  me thods  o f  app l i ca t ion .  
The primary  method  used t o  c h a n g e  t h e  r e s i n  c h a r a c t e r i s t i c  was by t h e  
a d d i t i o n   o f   t h i c k e n e r s .  The p o l y v i n y l i d e n e   c h l o r i d e   l a t e x  was t h e   o n l y  
r e s i n  s y s t e m  on which this  approach was a t tempted  because  of  i t s  h igh  
v i s c o s i t y .  The th i ckene r  recommended f o r   t h i s   s y s t e m   b y   t h e   s u p p l i e r  
w a s  hydroxye thy l   ce l lu lose .   Th i s   ma te r i a l   improved   t he   po lyv iny lene  
c h l o r i d e  s o  t h a t  i t  d i d  n o t  s o a k  i n t o  t h e  foam o r  c l o t h .  However, a 
cur ing  tempera ture  was s t i l l  required,  which made t h i s  m a t e r i a l  less 
d e s i r a b l e  t h a n  a room tempera tu re  cu r ing  r e s in .  
The second  me thod  fo r  improv ing  l amina te  f l ex ib i l i t y  ( l imi t ing  the  r e s in  
impregnat ion)  was used  pr imar i ly  on t h e  room tempera ture  cur ing  sys tems.  
Several  methods of l i m i t i n g  t h e  i m p r e g n a t i o n  of  t h e  c l o t h  o r  foam were 
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a v a i l a b l e  f o r  u s e ,  w h i c h  i n c l u d e d  a p p l i c a t i o n  o f  t h e  r e s i n  by brushing ,  
s p r a y i n g ,   o r   t r a n s f e r r i n g .   E x p e r i m e n t s   o n   f l a t   p a n e l s  showed t h a t  the 
brushing  and  spraying  methods  resu l ted  in  too  heavy a r e s i n  a p p l i c a t i o n  
f o r  maximal f l e x i b i l i t y .  A d d i t i o n a l l y ,  t h e r e  was d i f f i c u l t y  i n  m a i n t a i n i n g  
a uniform  coat ing  of  res in  o n  e i t h e r  c l o t h  o r  t h e  foam.  Brushing  the  res in  
on t h e  foam was e s p e c i a l l y  d i f f i c u l t  d u e  t o  t h e  l a t t e r ' s  compliance. 
The t h i r d  me thod  o f  l imi t ing  r e s in  impregna t ion  ( t r ans fe r r ing )  was found 
by Narmco t o  b e  t h e  m o s t  e f f e c t i v e  means t o  a c h i e v e  maximal f l e x i b i l i t y .  
The t r a n s f e r  method i s  a two-s tep  procedure ,  whereby  the  res in  i s  f i r s t  
s p r e a d  o u t  i n  a f i lm ,  and  then  a l lowed  to  advance  to  a B-s tage  of  tack iness  
The c l o t h  o r  foam i s  t h e n  l a i d  o n  t h e  r e s i n  t o  p i c k  up  enough t o  c o v e r  t h e  
s u r f a c e .  The m a t e r i a l s  are then   bonded   toge ther   wi th   contac t   p ressure .  
An example  of  composi te  f lex ib i l i ty  obta ined  by t h i s  t e c h n i q u e  i s  shown i n  
F igu re  2 .  The c l o t h  and  foam l a y e r s   r e p r e s e n t   t h e   t h i c k n e s s   r e q u i r e d   f o r  
me teo ro id  p ro tec t ion .  
R e g e n e r a t e d  c e l l u l o s e  f i b e r  c l o t h  w a s  u s e d  t h r o u g h o u t  t h i s  i n v e s t i g a t i o n .  
Based  on  samples  o f  t he  d i f f e ren t  f ab r i c s  ava i l ab le ,  i nc lud ing  those  o f  
p o l y e s t e r  f i b e r ,  t h e  f o r m e r  e x h i b i t e d  b e t t e r  d r a p e  q u a l i t i e s ,  w h i c h  c o u l d  
b e   i n d i c a t i v e   o f   t h e   f l e x i b i l i t y .  The c lo th   used   for   the   micrometeoro id  
bumper d o e s  n o t  r e q u i r e  h i g h  s t r e n g t h  as s u c h ,  s i n c e  t h e  phenomenon of  
hype rve loc i ty  i m p a c t  p robably  does  not  apply  a s t eady- s t a t e  l oad ing  con-  
d i t i o n   t o   t h e   f a b r i c .   T h i s   s u g g e s t s   t h a t  bumper c l o t h   m a t e r i a l   s u b s t i t u t i o l  
can  be made without   changing  the  effect iveness   of   the   micrometeoroid  pro-  
t e c t i v e  s y s t e m .  
C .  S e l e c t i o n   o f   F i l a m e n t a r y   M a t e r i a l  
I n  r e v i e w i n g  r e q u i r e m e n t s  f o r  t h e  a i r l o c k  w a l l ,  a s u r v e y  o f  a v a i l a b l e  
f i l a m e n t a r y   m a t e r i a l s   l i m i t e d   c o n s i d e r a t i o n   t o  a few  mater ia l s .   These  
s e l e c t i o n s  are l i s t e d  i n  T a b l e  3 ,  t oge the r  w i th  mechan ica l  p rope r t i e s .  
Of these   mater ia l s ,   the   po lyes te r   f i l aments   have   the   bes t   combina t ion  of  
p r o p e r t i e s .  
Based  on a v a i l a b l e  d a t a ,  a s  we l l  a s  on  ex tens ive  expe r i ence  a t  As t ro  
Research  Corporat ion  (subcontracted by Narmco) i n  t h e  u s e  o f  f i l a m e n t a r y  
m a t e r i a l s  a s  l o a d - c a r r y i n g  e l e m e n t s  i n  v a r i o u s  t y p e s  o f  s t r u c t u r e s ,  h i g h -  
t enac i ty  Dac ron  po lyes t e r  f i l amen t s  have  been  se l ec t ed  fo r  t he  load -  
c a r r y i n g   s t r u c t u r e .   T h i s   m a t e r i a l   h a s  a h i g h ,   q u i c k - b r e a k i n g   t e n a c i t y ;  
low  growth  under  load; a s u p e r i o r  c r e e p - r u p t u r e  c h a r a c t e r i s t i c ;  i s  less  
a f f e c t e d  by gama- rad ia t ion  than  ny lon ,  has  a h i g h  a b i l i t y  t o  e n d u r e  
la rge ,   permanent   deformat ion   wi thout   rup ture .   In   the   working   range ,  
Dacron  has a n e a r l y  l i n e a r  s t r e s s - s t r a i n  c u r v e ,  i n  c o n t r a s t  t o  a n  i r r e g -  
u l a r  c u r v e  f o r  F o r t r e l  p o l y e s t e r  f i b e r ,  and a l s o  h a s  a higher  modulus  of 
e l a s t i c i t y   t h a n   t h e   l a t t e r .   F o r   t h e s e   r e a s o n s ,   D a c r o n  i s  t h e   p r e f e r r e d  
m a t e r i a l .  
D .  L ine r   Ma te r i a l  
The pu rpose  o f  t he  inne r  l i ne r  was to r e t a i n  t h e  a i r  w i t h i n  t h e  a i r l o c k .  
The d e s i r e d  m a t e r i a l  p r o p e r t i e s  were f l e x i b i l i t y ,  t o u g h n e s s ,  and  low 
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(a) Folded 
(b)  Unfolded 
Figure  2 .  F l ex ib l e   E la s t i c   Recove ry   Ma te r i a l s  
TABLE 3 
MECHANICAL  PROPERTIES  OF  ILAMENTSf: 
Po lyes t e r  Ny 1 on 
Property Dacron 
(High-Tenacity 
Fi lament)  
Ul t . Tens i l e  
S t r e n g t h ,   p s i  
140,000 
100 @ 1% Elast ic  Recovery,  
t i o n ,  % 
10 - 13 Breaking E longa - 
% 
Spec i f i c  Grav i ty  1.38 
Spec i f i c  S t r eng th ,  2.8 
x 106 i n .  
E f f e c t  o f  Heat S t i c k s  @ 445°F; 
m.p. 482°F 
f: Data  taken  from  Reference 7 
F o r t r e l  
(High-Tenacity 
Fi lament)  
140,000 
Nylon 6,6 
(High-Tenacity 
Fi lament)  
134,000 
8 - 10 16 - 28 
100 @ 2% 100 @ 4% 
1.38 1.14 
2.8 
~- 
3.2 
m.p.  485"-510°F m.p. 480°F 
Rayon 
Avr il 
(Staple)  
100,000 
18 
" 
1.5  
1.8 
Decomposes 
@ 
350"-400"F 
F o r t i s a n  
(Filament) 
136,000 
6 
100 @ 20% 
1.5 
2.5. 
Decomposes 
@ 
360°F 
permeab i l i t y .  A r ev iew o f  cand ida te  f i lm  ma te r i a l s  showed polyvinyl idene  
c h l o r i d e  f i l m  h a s  t h e  l o w e s t  p e r m e a b i l i t y .  The compar ison   of   th i s  material 
w i t h  s e v e r a l  o t h e r  f i l m s  i s  shown i n  T a b l e  4 .  
The t h i c k n e s s  o f  t h e  f i l m  r e q u i r e d  t o  p r e v e n t  e x t r u s i o n  t h r o u g h  t h e  s t r u c -  
t u r a l  f a b r i c  was determined by tes t .  A simple  frame was  c o n s t r u c t e d  t o  
s i m u l a t e ,  as c l o s e l y  as p o s s i b l e ,  t h e  a c t u a l  l o a d i n g  c o n d i t i o n  upon 
t h e  f i l m  m a t e r i a l .  The frame  held a sample of   the s t r u c t u r a l  f a b r i c  
aga ins t  which  a p i e c e  o f  t h e  f i l m  was p l a c e d  f o r  t e s t i n g .  The  frame 
f i x t u r e  was closed and a i r  used  to  p re s su r i ze  the  cav i ty  be tween  the  
f i lm  and  f ix tu re  back .  S ince  the  f ab r i c  was d e s i g n e d  t o  b u r s t  a t  50 p s i ,  
t h e  maximum p r e s s u r e  u s e d  f o r  t h e  t e s t  was 45 p s i .  The tes t  f i x t u r e  i s  
shown i n  F i g u r e  3 du r ing  a t e s t .  
The r e s u l t  o f  t h e  t e s t  i n d i c a t e d  t h a t  a 3 /4-mi l  th ickness  of  po lyvinyl idene  
c h l o r i d e  f i l m  would n o t  e x t r u d e  t h r o u g h  t h e  s t r u c t u r a l  f a b r i c  mesh  when 
under   the maximum t e s t  p r e s s u r e  of 45 p s i .  To p r o v i d e  a n  a d d i t i o n a l  s a f e t y  
f a c t o r ,  t h e  l i n e r  t h i c k n e s s  f o r  t h e  a i r l o c k  was a r b i t r a r i l y  i n c r e a s e d  t o  
2 m i l s .  
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TABLE 4 
PERMEABILITY OF FILM MATERIALS’? 
Permeabi l i ty  to  Gases ,  
cc-mil 
100 in .2124 hr la tm 
Material I Nitrogen I Oxygen I Carbon  Dioxide Water Vapor 1 @ 100% Humidity I 
~~~~~ ~ ~ ~ 
Polyvinyl idene   ch lor ide  I 0.86 1 3.0 I 
(Saran) 
9 . 0  11.5 
P o l y e s t e r   t e r e p h t h a l a t e  
(Mylar) I I 5.6 I 27 1485 
Polyvinyl   ch lor ide  
58 I - 
Poly te t r a f luo roe thy lene  
- - 24.5  5.8 H-Film 
- 30 9.5 
~ I Polyethylene 
;k Data  taken  f rom  the  compilat ion  in   Reference 1 
NOTE: The k n i t t e d   s t r u c t u r a l   f a b r i c  i s  
v i s i b l e   i n   t h i s   f i g u r e .  The l i n e r  
s e r v e s  as the  b l adde r .  
F igure  3 .  Liner  Test F i x t u r e  
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I V .  EXPANDABLE  AIRLOCK  THERMAL  ANALYSIS 
Th i s  s ec t ion  o f  t he  r epor t  p re sen t s  t he  the rma l  des ign  s tudy  fo r  t he  expandab le  
a i r l o c k .  The t e m p e r a t u r e  h i s t o r y  o f  t h e  c y l i n d r i c a l  a i r l o c k  s t r u c t u r e  a n d  t h e  
i n t e r n a l  a i r  mass were de termined .  
The  method o f  a n a l y s i s  u t i l i z e d  a computer program which determined the effec- 
t i v e n e s s  o f  v a r i o u s  a s / C t  o p t i c a l  c o a t i n g s  a n d  t h i c k n e s s  o f  foam i n s u l a t i o n  
f o r  c o n t r o l  o f  t h e  i n t e r n a l  a i r  tempera ture .  The a i r lock   ope ra t ing   env i ronmen t  
was assumed t o  be a 200-nm o r b i t  a t  a n  i n c l i n a t i o n  a n g l e  o f  28.7 deg rees .  The 
analysis  considered both maximal  and minimal sun exposure. 
For  the  maximal  hea t ing  condi t ion ,  an  a i r lock  w a l l  w i t h  o p t i c a l  s u r f a c e  
p r o p e r t i e s   o f  as = 0.19  and E t  = 0.25   and   a l so  2 i n .   o f  foam maintained 
t h e   i n t e r n a l   t e m p e r a t u r e   w i t h i n   t h e   s p e c i f i e d  l imits .  This   composi te   construc-  
t i o n  a l s o  performed s a t i s f a c t o r i l y  a t  the  min ima l  hea t ing  cond i t ion ,  a l though  
t h e  i n t e r n a l  t e m p e r a t u r e  s t a b i l i z e d  a t  - 4 0 ° F  a f t e r  s e v e r a l  o r b i t s .  
A .  Nomenclature 
The fo l lowing  l i s t  de f ines  the  symbol s  used  in  th i s  ana lys i s :  
A 
C 
P 
D 
E 
F 
H 
h 
I 
k 
L 
LB 
P 
4 
R 
r 
'E 
S 
T 
t 
W 
S u r f a c e  a r e a ,  f t  
S p e c i f i c  h e a t ,  B t u / l b  OF 
Diameter o f  c y l i n d e r ,  f t  
E a r t h - e m i t t e d  r a d i a t i o n  f l u x ,  B t u l h r  f t  
Form f a c t o r  
Height of  c y l i n d e r ,  f t  
C o n v e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t ,  B t u / h r  f t 2  OF 
I r r a d i a t i o n  h e a t  f l u x ,  B t u / h r  f t 2  
Coef f i c i en t  o f  t he rma l  conduc t iv i ty ,  B tu /h r  f t  OF 
D i a g o n a l  o f  r e c t a n g l e  e n c l o s i n g  c y l i n d e r ,  f t  
T o t a l  r a d i a t i o n  h e a t  f l u x  l e a v i n g  a s u r f a c e ,  B t u / h r  f t 2  
A i r  p r e s s u r e ,   p s i a  
Heat f low ra t e ,  B tu /h r  
Radius,  f t 
R a d i a l   c o o r d i n a t e ,   f t  
E a r t h ' s  p l a n e t a r y  a l b e d o  
S o l a r   c o n s t a n t ,   B t u / h r   f t 2  
Temperature, OF o r  O R  
Time, h r  
Mass, l b  
2 
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X R e c t a n g u l a r   c o o r d i n a t e ,   f t  
Y R e c t a n g u l a r   c o o r d i n a t e ,   f t  
2 V e r t i c a l   o o r d i n a t e ,   f t  
U Absorp t iv i ty  
B C y l i n d r i c a l   o o r d i n a t e ,   d g r e e s  
€ Emiss iv i ty  
R D i s t a n c e   b t w e e n   d i f f e r e n t i a l ' a r e a s ,   f t  
' P  R e f l e c t i v i t y  
Q Stefan-Boltzmann  constant ,   Btulhr  f t  R 
4 Angle  from  surface  normal,   degrees 
0 Angle  of  a i r lock  diagonal   f rom  base 
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S u b s c r i p t s  : 
A A i r  
B Base p l a t e  
C Cyl inder  
E E a r t h  
e E x t e r n a l  
i I n t e r n a l  
R Albedo (Form Fac to r )  
S S o l a r  
T Thermal 
The use  o f  compos i t e  s t ruc tu ra l  ma te r i a l s  such  a s  r e in fo rced  p l a s t i c  
sk ins  and  po lyure thane  sandwich  co re  p re sen t s  ve ry  de f in i t e  t empera tu re  
l i m i t a t i o n s  on t h e   v e h i c l e .  The maximal a l lowable   t empera ture   o f   the  foam 
m a t e r i a l  i n  a space  vacuum environment i s  approximately 250'F. Above t h i s  
tempera ture ,  the  foam w i l l  l o s e  i t s  e l a s t i c  r e c o v e r y  c h a r a c t e r i s t i c s  and 
above  300°F i t  w i l l  l o s e  i t s  s t r u c t u r a l  i n t e g r i t y .  
For t h i s  r e a s o n ,  t e m p e r a t u r e  c o n t r o l  o f  t h e  a i r l o c k  s t r u c t u r e  becomes a 
p r i m a r y  d e s i g n  c r i t e r i o n .  The requirement   of   maintaining a s h i r t - s l e e v e ,  
64'+15"F  environment i n  t h e  i n t e r i o r  o f  t h e  a i r l o c k  f u r t h e r  n e c e s s i t a t e s  
a n  e x t e n s i v e  a n d  a c c u r a t e  t h e r m a l  a n a l y s i s .  
The thermal  envi ronment  of  an  orb i t ing  vehic le  i s  e s t a b l i s h e d  by r a d i a t i o n  
h e a t  i n f l u x  on t h e  e x t e r n a l  s u r f a c e s .  I n  a  low e a r t h  o r b i t ,  t h e  s o l a r  
r a d i a t i o n ,  a l b e d o ,  a n d  e a r t h - e m i t t e d  t h e r m a l  r a d i a t i o n  a r e  t h e  c o n t r i b u t i n g  
f a c t o r s  o f  t h e  t o t a l  h e a t  i n f l u x .  I n  t h e  c a s e  of a n  a i r l o c k  s t r u c t u r e  
which i s  n o t  a n  i n d e p e n d e n t  v e h i c l e  i n  o r b i t  b u t  i s  a t t a c h e d  t o  a l a r g e r  
s p a c e c r a f t ,  t h e  e f f e c t  of r e f l e c t e d  and  emi t t ed  r ad ia t ion  f rom the  su r faces  
of  the  space  vehic le  m u s t  be i n c l u d e d  i n  t h e  t h e r m a l  a n a l y s i s .  
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The rad ia t ion  thermal  envi ronment  var ies  grea t ly  f rom poin t  to  poin t  
a round the  orb i t  and  i s  dependent  on  the  re la t ive  magni tude  of  sun  
exposure and shadow pe r iods ,  bes ides  be ing  a f u n c t i o n  o f  t h e  v e h i c l e  
o r i e n t a t i o n  r e l a t i v e  t o  t h e  o r b i t  p l a n e .  
The complexity of a n  a c c u r a t e  a n a l y s i s  of the thermal environment as 
in f luenced  by a l l  o f  t hese  va r i ab le s  sugges t ed  the  use  o f  compute r  so lu t ion .  
Computer programs a r e  a v a i l a b l e  w h i c h  d e t e r m i n e  t h e  r a d i a t i o n  h e a t  i n f l u x  
on  the  ex te rna l  su r f aces  o f  s imple  geomet ry  veh ic l e s  i n  ea r th  o rb i t .  A 
North American Aviation, Inc.  developed computer program determines radia- 
t i o n  f o r m  f a c t o r s  o f  a mul t i su r f aced  space  veh ic l e  fo r  so l a r ,  a lbedo ,  and  
e a r t h - e m i t t e d  r a d i a t i o n  i n c i d e n t  u p o n  e a c h  v e h i c l e  s u r f a c e  a t  v a r i o u s  
in t e rva l s   a round   t he   o rb i t .   Th i s   p rog ram i s  a l so   capab le   o f   eva lua t ing  
t h e  t r a n s i e n t  h e a t  b a l a n c e  f o r  e a c h  e x t e r n a l  s u r f a c e  o f  t h e  v e h i c l e ,  
comput ing  the  tempera ture  of  the  ind iv idua l  sur faces  a t  a l a r g e  number of 
p o i n t s  a r o u n d  t h e  o r b i t .  
The North  American  computer  program was s e l e c t e d  f o r  u s e  i n  t h e  t h e r m a l  
ana lys i s   o f   t he   expandab le   a i r lock .  However, e x t e n s i v e   m o d i f i c a t i o n   o f  
t h i s  program was r e q u i r e d  i n  o r d e r  t o  a l l o w  i t s  u s e  a s  a n  e f f e c t i v e  d e s i g n  
too l  i n  de t e rmin ing  the  op t ima l  i n su la t ion  th i ckness  and  spec t r a l  su r f ace  
c o a t i n g  p r o p e r t i e s  f o r  t h e  e x p a n d a b l e  a i r l o c k .  
The modi f ied  program de termined  the  ne t  rad ia t ion  hea t  f lux  caused  by 
d i r e c t  s o l a r ,  e a r t h  r e f l e c t e d  s o l a r ,  and ea r th  the rma l  r ad ia t ion  fo r  each  
f l a t  s u r f a c e  s e g m e n t  o f  t h e  v e h i c l e  a t  a l a r g e  number of  s teps  a round the  
o r b i t .  The ex te rna l   hea t   ba l ance   computa t ion   a l so   i nc luded   r e f l ec t ed  
s o l a r  r a d i a t i o n  f r o m  a la rge  base  p la te  combined  wi th  thermal  rad ia t ion  
from t h i s  p l a t e  a t  a cons t an t ,  p rede te rmined  emi t t i ng  t empera tu re .  
Furthermore,   the   program  evaluated  the  t ransient ,   one-dimensional   heat  
t r a n s f e r  r a t e s  a c r o s s  t h e  c o m p o s i t e  i n s u l a t e d  wal l  o f  t h e  v e h i c l e  f o r  a 
l a r g e  number of increments between each computation step of t h e  e x t e r n a l  
r a d i a t i o n   h e a t   t r a n s f e r .  A t  e ach   i n t e rva l ,   t he   t empera tu re  of t h e  
ex te rna l  and  in t e rna l  wa l l  su r f aces  and  the  ave rage  t empera tu re  o f  t he  
i n t e r n a l  a i r  mass were determined. 
C .  C r i t i c a l   D e s i g n   C o n d i t i o n s  
An o r b i t  a l t i t u d e  o f  200 nm a n d  a n  i n c l i n a t i o n  a n g l e  o f  t h e  o r b i t  p l a n e  o f  
2 8 . 7  deg rees  were s p e c i f i e d  f o r  t h e  a i r l o c k ' s  p a r t i c u l a r  m i s s i o n .  
However, the  da te  of  the  miss ion  and  i t s  dura t ion ,  and  spacecraf t  and  
a i r l o c k  o r i e n t a t i o n  r e l a t i v e  t o  t h e  e a r t h  o r  s u n  p o s i t i o n ,  w e r e  n o t  
s p e c i f i e d .  Under t h e s e   c o n d i t i o n s ,  a l a r g e  number of  thermal  environments 
c o u l d   b e   i n v e s t i g a t e d .   I n   o r d e r   t o   d e m o n s t r a t e   t h e   f e a s i b i l i t y   o f   t h e  
expandable airlock concept from the thermal viewpoint,  the two extremes 
of  the environmental  spectrum were selected as c r i t i c a l  d e s i g n  c o n d i t i o n s :  
t h e s e  are the maximal  and minimal  heat ing condi t ions.  
1. Maximal Heating  Environment 
The r e l a t ive  du ra t ion  o f  sun  exposure  and  shadow p e r i o d s  f o r  a g iven  
a l t i t u d e  and  inc l ina t ion  o rb i t  change  du r ing  the  year.  The  maximal 
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sun exposure per iod w i l l  occur when the  ang le  be tween  the  so l a r  r ad ia -  
t i o n  a n d  t h e  o r b i t  p l a n e  is a t  i t s  maximal value.  
The t o t a l  s o l a r  r a d i a t i o n  h e a t  i n f l u x  on t h e  v e h i c l e  i s  a l s o  t h e  
f u n c t i o n  of t h e  o r i e n t a t i o n  o f  t h e  c y l i n d r i c a l  a i r l o c k  a n d  t h e  l a r g e  
s p a c e c r a f t   t o   w h i c h  it i s  a t t a c h e d .  The c r i t i c a l  o r i e n t a t i o n  f o r  
maxima1 h e a t i n g  o f  t h e  c y l i n d r i c a l  a i r l o c k  was determined. 
2 .  Minimal  Heating  Environment 
The most s e v e r e  c o l d  e n v i r o n m e n t a l  c o n d i t i o n  f o r  t h e  a i r l o c k  w i l l  
occur when it  receives the minimal amount of heating from the sun. 
The  shadow per iod  i s  longes t  when the  sun  i s  i n  t h e  o r b i t  p l a n e  of 
t he  veh ic l e  du r ing  the  ve rna l  o r  au tumna l  equ inox .  
V e h i c l e  o r i e n t a t i o n  r e s u l t i n g  i n  m i n i m a l  s u n  e x p o s u r e  i s  one  where 
t h e  a i r l o c k  i s  i n  t h e  shadow of   the  space  vehicle   throughout   the 
orb i t .  
D .  Radiat ion  Heat   Exchange  between  the  Air lock  and  the  Space  Vehicle  
The ef fec t  o f  the  la rge  space  vehic le  on  the  thermal  envi ronment  of  t he  
a i r l o c k  was s imula ted  by the  r ad ia t ion  hea t  exchange  be tween  the  a i r lock  
and  an  approximate  260-in, .   d iameter ,   c i rcular   base  plate .  The a i r l o c k  was 
assumed t o  be l o c a t e d  i n  t h e  c e n t e r  of t he  base  p l a t e .  
Computa t ion  of  ne t  rad ian t  hea t  exchange  be tween the  cy l indr ica l  a i r lock  
and a c i r c u l a r  b a s e  p l a t e  was ex t r eme ly . complex  fo r  t h i s  gene ra l  ca se ,  
which  involved  thermal  rad ia t ion  f rom the  vehic le  sur faces ,  and r e f l e c t e d  
s o l a r  and albedo radiat ion which were considered with changing shadow 
geomet r i e s   a round   t he   o rb i t .  However,  by assuming a f i x e d   v e h i c l e   o r i e n t a -  
t i on  th roughou t  t he  o rb i t ,  and  by n e g l e c t i n g  t h e  e f f e c t  o f  a i r l o c k ' s  shadow 
on the  base  p l a t e ,  an  ana ly t i ca l  expres s i -on  was d e r i v e d  f o r  t h e  r a d i a t i o n  
heat  exchange : 
Assumptions: 
a .  The r e f l e c t e d   r a d i a t i o n   f r o m   t h e   b a s e   p l a t e  is d i f f u s e d  
and  follows  Lambert 's Law. 
b .  The c i r c u l a r   b a s e  p l a t e  i s  i so the rma l .  
c .  No shadow i s  formed  on the   base  p la te  b y   t h e   a i r l o c k .  
d .   E a r t h   t h e r m a l   r a d i a t i o n   a n d   e a r t h - r e f l e c t e d   s o l a r   r a d i a -  
t i o n  r e f l e c t i o n  f r o m  t h e  b a s e  p l a t e  a r e  n e g l i g i b l e .  
e .   Secondary   re f lec t ion   be tween  the   a i r lock   and   the   cy l inder  
is  n e g l i g i b l e .  
L e t  I be t h e  t o t a l  s o l a r  i r r a d i a t i o n  p e r  u n i t  a r e a  on t h e  c i r c u l a r  
b a s e  p l a t e .  
B (SI 
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The s o l a r  r e f l e c t i o n  f r o m  a d i f f e r e n t i a l  a r e a  dA of  the  base  p l a t e  i s  B 
S I B  (s) , where p = 1 - a . S S 
The t o t a l  r a d i a t i o n  l e a v i n g  a d i f f e r e n t i a l  a r e a  dA o f  t h e  b a s e  p l a t e  
(LBdAB) i s  e q u a l  t o  t h e  sum o f  r e f l e c t e d  s o l a r  r a d i a t i o n  a n d  e m i t t e d  t h e r m a l  
r ad ia t ion   (Refe rence  2 ) .  
B 
LBdAB = ('s'B(s) + T m g 4 )  dAB 
The i n c i d e n t  r a d i a n t  f l u x  r e c e i v e d  by a d i f f e r e n t i a l  e l e m e n t  dA on the  
c y l i n d r i c a l  s u r f a c e  f r o m  a d i f f e r e n t i a l  a r e a  dAB o f  t h e  c i r c u l a r  b a s e  p l a t e  
C 
'CldAB)  - LB FdA dAc - 
B 
where i s  the  g ometr ic   form  factor   between dA and dAc . 
FdABdAC B 
F igu re  4 .  Form Factor   Nota t ion  
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Based  on  assumption  b, LB is c o n s t a n t  o v e r  t h e  b a s e  p l a t e .  The average  
i n c i d e n t  r a d i a t i o n  h e a t  € l u x  r e c e i v e d  by t h e  c y l i n d e r  f r o m  t h e  b a s e  p l a t e  
is equa l  t o  the  p roduc t  o f  t o t a l  geomet r i c  fo rm fac to r  and  IC 
The geometr ic  form factor  w a s  computed  from  Lambert's Law (Reference 3 ) :  
cos @ cos @ dAB  dAC 
r r a  
- -! C B 
2 FB-+C 
From F igure  4 ,  
r - RC 
cos q5 = C R 
cos q5B - - Z - 1  
I_. . . . . . . 
= -:/r2 - 2R r s i n  @ + Rc2 + 2 2 
C 
1 i r - RC 1 ( 2 )  ( r )  dB d r  dAC 
FB-'C 
-  qli,clB n [ r 2  - 2R C r s i n  @ + R l  + Z 2 I 2  
C losed  fo rm in t eg ra t ion  o f  t h i s  equa t ion  was not  comple ted ,  s ince  eva lua-  
t i ng  the  geomet r i c  fo rm fac to r  i n  c losed  fo rm i s  d i f f i c u l t ;  t h e r e f o r e ,  t h e  
form fac tor  was r e w r i t t e n  i n  f i n i t e  d i f f e r e n c e  form. 
The base p l a t e  s u r f a c e  i s  d i v i d e d   i n t o   u n i t  areas h4~i . A f l a t   s t r i p  
(1 - f t  w id th )  on  the  su r face  o f  t he  cy l inde r  i s  d i v i d e d  i n t o  small areas 
Mci , as shown i n  F i g u r e  5. 
I 
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The f i n i t e  d i f f e r e n c e  f o r m  f a c t o r  e q u a t i o n  i s  given below: 
This  equat ion  g ives  the  to ta l  form fac tor  be tween a f l a t  v e r t i c a l  s t r i p  of t he  
c y l i n d e r  wall  a n d  t h e  p o r t i o n  o f  t h e  c i r c u l a r  b a s e  p l a t e  v i s i b l e  f r o m  t h e  f l a t  
s t r i p .  
F igure  5 .  F i n i t e   D i f f e r e n c e  Form Fac to r   No ta t ion  
From Figure  5, 
= 1 f t  2 A A g i  
LA = 1 f t  2 
Cj 
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- 1 
FB-+C - T [FB-C1 " FB-C2 FB+C3 + FB+C4  FB+C5 + FB+c6 -k 'B4C7] 
83 
%Cl = lT 2 1  0.50 Yi - 
(0 .25 + yi2 + xi2) 
i = l  
1.50  Yi - 
(2 .25  + Yi2 f X i 2 )  
 
i = l  
83 
FB+C3 = q- 2.50 Yi - 
(6 .25  + yi2 + x i 2 ]  
i = l  
FB+C4 - ll 2 r  3 .50  Yi - 
(12 .25  + Yi2 + Xi2 ) 
i = l  
83 
4.50 Yi 
FB+C5 
- 
= l 1 j20.25 + Y: x:] 
i = l  
FB-'C6 
ll .$ 
i = l  
5.50 Y; 
L 
(30 .25  + Yi2 + X i 2 )  
83 
6 .50  Yi 
FB+C7 
-  - 
(42.25 + Yi2 + X i 2 ]  
i = l  
0.4866 
0.4069 
0.3378 
0.2795 
0.2299 
0.1882 
0.1547 
The above equat ions were computed on a small Clary   e lec t ronic   computer .   Having  
computed the  to t a l  fo rm fac to r  be tween  t h e  b a s e  p l a t e  a n d  a v e r t i c a l  s t r i p  of 
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t h e  c y l i n d e r ,  t h e  r a d i a n t  h e a t  i n f l u x  f r o m  t h e  b a s e  p l a t e  t o  a u n i t  a r e a  
of t h e  c y l i n d e r  s u r f a c e  i s  
E .  Vehic le   Or ien ta t ion   for  Maximal Hea t ing  
Assumptions: 
a .  The b a s e   p l a t e   r a d i a t e s  a t  a cons t an t   t empera tu re  
independen t  o f  o r i en ta t ion .  
b .  The t o t a l   t h e r m a l  and r e f l e c t e d   s o l a r   r a d i a t i o n  
r ece ived  by t h e  a i r l o c k  f r o m  t h e  e a r t h ' s  s u r f a c e  
i s  independen t  o f  o r i en ta t ion .  
Based  on the  no ted  a s sumpt ions ,  on ly  the  d i r ec t  so l a r  r ad ia t ion  and  the  
b a s e  r e f l e c t e d  s o l a r  r a d i a t i o n  are t h e  f u n c t i o n s  of t h e  v e h i c l e  o r i e n t a t i o n .  
From Lambert 's  Law, t h e  d i r e c t  s o l a r  r a d i a t i o n  r e c e i v e d  by t h e  c y l i n d e r  
i s  e q u a l  t o  t h e  s o l a r  c o n s t a n t  t i m e s  t h e  p r o j e c t e d  c y l i n d e r  a r e a  on  a 
p l a n e  p e r p e n d i c u l a r  t o  t h e  s u n  v e c t o r .  
- 
'cylinder 
 
*'projected 
( d i r e c t   s o l a r )   c y l i n d e r  
From the  p reced ing  sec t ion ,  t he  so l a r  r ad ia t ion  r e f l ec t ed  f rom the  base  
p l a t e  t o  t h e  c y l i n d e r  i s  
'cylinder 
( b a s e  r e f l e c t e d  
s o l a r )  
The t o t a l  s o l a r  r a d i a t i o n  r e c e i v e d  by t h e  c y l i n d e r  i s  t h e  sum of  the  
d i r e c t  a n d  r e f l e c t e d  r a d i a t i o n .  
-I 
'cylinder = s  1 Acyl inde r  
( t o t a l   s o l a r )  i. p r o j e c t e d  
I n  t h i s  e q t l a t i o n ,  t h e  p r o j e c t e d  a r e a  o f  t h e  c y l i n d e r  a n d  t h e  s o l a r  f o r m  
f a c t o r  o f  t h e  b a s e  p l a t e  a r e  t h e  o n l y  v a r i a b l e s  and a r e  f u n c t i o n s  of t h e  
v e h i c l e  o r i e n t a t i o n .  
W r i t i n g  a n  a n a l y t i c a l  e x p r e s s i o n  f o r  t h e  p r o j e c t e d  a r e a  o f  t h e  c y l i n d e r  i s  
d i f f i c u l t .   F o r   m a t h e m a t i c a l   s i m p l i c i t y ,   t h e   p r o j e c t e d  area of a cube  enclos-  
i n g  t h e  c y l i n d e r  w i l l  be  used i n  t h e  f o l l o w i n g  a n a l y s i s .  F i g u r e  6 shows 
the  small d i f f e rence  in  p ro jec t ed  a rea  o f  t he  cy l inde r  and  the  enc los ing  
cube. 
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P Sun Vector 
S o l a r  
i o n  
H 
Figure  6 .  Projected  Area  Geometry 
2 1  
From F igure  6 ,  
Apr o j ec   t ed  = DL COS (0 - 4) 
= DL (cos 8 cos 4 + s i n  0 s i n  4) 
From the geometry shown i n  F i g u r e  6 ,  
L = D + H  s i n  0 = - - 2 2  H H L 'JD2"+  H  - " _. 
cos 8 = - = D D L 
S u b s t i t u t i n g  i n t o  t h e  p r o j e c t e d  a r e a  e q u a t i o n  
*pro jec ted  = D i D q '  cos @ + 1 
, d D 2  + H 2  
-- s i n  4 -fi2 + Hz 
2 
*pro jec ted  
= D cos @ + DH s i n  4 
The so la r   fo rm  f ac to r  of t h e   b a s e   p l a t e ,  Fs = cos @ from  Lambert's Law. 
Subs t i t u t ing  the  approx ima te  p ro jec t ed  cy l inde r  a rea  and  the  so l a r  fo rm 
f a c t o r  o f  t h e  b a s e  p l a t e  i n t o  t h e  e q u a t i o n  o f  t h e  t o t a l  r e c e i v e d  s o l a r  
r a d i a t i o n  
' 2  
= S D cos 4 + DH s i n  @ + FB+C P s  AB cos @ I 
' cylinder 
To f ind  @ of maxima1 h e a t i n g ,  
r e s p e c t  t o  4 
'cylinder i s  d i f f e r e n t i a t e d  w i t h  
t o t a l  
d I  2 1 
dd 
" - s [ -  D s i n  4 + DH cos 4 - F ~ + ~  p s  A . ~  s i n  @ 
To maximize IC , l e t  - d1 - 0 
drh 
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F. 
DH cos (8 - D s i n  0 - FBdC p s  AB s i n  0 = 0 2 
t a n  @ = DH 
" 'PCPs AB 2 
where  fo r  t h i s  des ign ,  
D = 4 f t  
H = 7 f t  
% = 132 f t 2  - Sec t ion   o f   base   p l a t e   v i s ib l e   f rom  any   po in t  
on t h e  c y l i n d e r  s u r f a c e .  
p s  = 0.81 - Assume t h a t   t h e   b a s e   p l a t e   ( s p a c e   v e h i c l e )  
i s  c o a t e d  w i t h  p a i n t  s i m i l a r  t o  HAC white  
(as = 0 .19 ,  = 0.93)  (Reference  2) 
FB4 C = 0.2977 
t an  @ = 4 x 7  
(4)' + (0.2977) (0.81) (132) 
= 0.58541 
0 = 30" 21'  
Thermal Balance and Temperature Determination 
I n  t h e  p r e v i o u s  s e c t i o n s ,  t h e  c r i t i c a l  o r b i t  and v e h i c l e  o r i e n t a t i o n  
were determined for  maximal  and minimal  heat ing condi t ions.  
North American's computer program "Program for Determining the Thermal 
Environment and Temperature History of Orbiting Space Vehicles" 
(SID62-313)  was u t i l i zed  fo r  bo th  o f  t hese  cond i t ions  to  compute  t emper -  
a t u r e s  o f  t h e  a i r l o c k  s u r f a c e s  a n d  i n t e r n a l  a i r  mass a t  v a r i o u s  p o i n t s  
a r o u n d  t h e  o r b i t .  
I n  o r d e r  t o  compute r a d i a t i o n  f o r m  f a c t o r s  b e t w e e n  t h e  o r b i t i n g  v e h i c l e  
and  the  rad ia t ion  sources  such  as  the  sun  and  the  ear th ,  the  vehic le  
i s  assumed t o  h a v e  a  number o f  f l a t ,  i s o t h e r m a l  s u r f a c e s .  The c y l i n d r i c a l  
a i r l o c k  is  ana lyzed  a s  an  oc t agona l  body  (shown i n  F i g u r e  7) having 
n ine  ex te rna l  su r f aces  on  wh ich  r ad ia t ion  hea t  t r ans fe r  t akes  p l ace ' ;  
t h e  b o t t o m  s u r f a c e  i n  c o n t a c t  w i t h  t h e  s p a c e  v e h i c l e  i s  assumed t o  be 
a non-hea t - t r ans fe rab le  su r face .  
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5 
7 r f t  
F igure  7 .  Octagonal Model of   Ai r lock  
The bas ic  hea t  ba lance  equat ion  used  in  the  Nor th  Amer ican  program in  i t s  
or ig ina l  form gave  an  express ion  for  the  vehic le  sur face  tempera ture  as a 
f u n c t i o n  of t h e  i n c i d e n t  s o l a r ,  a l b e d o ,  a n d  e a r t h - e m i t t e d  r a d i a t i o n  a n d  
a l s o  as a func t ion  of  the  thermal  proper t ies  of  the  vehic le  sur face ;  i . e . ,  
s o l a r   a b s o r p t i v i t y ,   t h e r m a l   e m i s s i v i t y ,   s p e c i f i c   h e a t ,   a n d  mass. I n t e r n a l  
h e a t  l o a d s  on t h e  s u r f a c e  were inc luded  in  the  computa t ion .  
U L  s u r f a c e  
' so la r  + 'albedo " ' ea r th  + 'base " ' i n te rna l   ' emi t ted  - "p d t  - 
p la t e  
1. S o l a r   I r r a d i a t i o n  Heat  Flux - ' so la r  
The s o l a r  c o n s t a n t  i n  a low e a r t h  o r b i t  i s  
S = 440 Btu/hr - f t  2 
The s o l a r  i r r a d i a t i o n  h e a t  f l u x  r e c e i v e d  by a f l a t  s u r f a c e  i s  
'solar 
= S Fs A as 
The s o l a r  i r r a d i a t i o n  i s  computed only for  the maximal h e a t i n g  
o r i e n t a t i o n  o f  t h e  v e h i c l e ;  i n  t h e  m i n i m a l  h e a t i n g  c o n d i t i o n ,  
qso la r  is  ze ro .  The maximal h e a t i n g   o r i e n t a t i o n  was determined 
i n   t h e   p r e v i o u s   e c t i o n  as @ = 3 0 " 2 1 ' ,  where @ is  t h e   a n g l e  
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2. 
be tween  the  long i tud ina l  ax i s  o f  t he  cy l inde r  and  the  sun  vec to r .  
For t h e  c r i t i c a l  s u r f a c e  t e m p e r a t u r e  d e s i g n  c o n d i t i o n ,  i t  i s  assumed 
t h a t  t h e  same sur face  remains  sun-or ien ted  throughout  the  orb i t .  
The s o l a r  r a d i a t i o n  f o r m  f a c t o r  is computed fo r  each  o f  t he  n ine  
su r faces  o f  t he  oc t agona l  veh ic l e  by the computer program for the 
s p e c i f i e d  o r i e n t a t i o n .  
A lbedo  I r r ad ia t ion  Heat Flux - 'albedo 
The p l a n e t a r y   a l b e d o   f o r   t h e   e a r t h  i s  t aken  as rE = 0 . 3 4 .  The 
a l b e d o  i r r a d i a t i o n  h e a t  f l u x  r e c e i v e d  by a f l a t  s u r f a c e  is  
- 
'albedo E 
 r S FR A as 
The a lbedo  r ad ia t ion  fo rm fac to r  was computed  by the computer program 
f o r  t h e  s p e c i f i e d  v e h i c l e  o r i e n t a t i o n .  
3 .  Ear th-Emit ted   I r rad ia t ion   Heat   F lux  - 'earth 
The e a r t h  i s  assumed t o  r a d i a t e  a s  a gray body a t  a uniform tempera- 
t u r e .  The e a r t h - e m i t t e d   r a d i a t i o n   c o n s t a n t  i s  assumed t o  be 
1 - r  
" E S  = - 0 ' 3 4  x 440 = 7 2 . 5  Btu/hr - f t  2 EE - 4 4 
The e a r t h - e m i t t e d  i r r a d i a t i o n  h e a t  f l u x  r e c e i v e d  by  a f l a t  s u r f a c e  
i s  
' ea r th  E E  = E F A c t T  
4 .  Radia t ion   Emi t ted  by the   Veh ic l e   Su r faces  - 'emitted 
The v e h i c l e  s u r f a c e s  are assumed t o  r a d i a t e  as g r a y  b o d i e s  t o  a n  
a b s o l u t e  z e r o  s i n k :  
- 4 
qernit ted - eT  0 AT 
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5. Radiat ion  Received  f rom  the Base P l a t e  - qbase  p l a t e  
The i n c i d e n t  r a d i a t i o n  o f  t h e  c y l i n d e r  s u r f a c e  r e c e i v e d  f r o m  t h e  
c i r c u l a r  b a s e  p l a t e  was d e r i v e d  i n  a p r e v i o u s  s e c t i o n :  
The a b s o r b e d  r a d i a t i o n  h e a t  f l u x  by t h e  c y l i n d e r  s u r f a c e  i s  g iven  
by : 
The base p l a t e  tempera ture  i s  he ld  cons tan t ,  independent  of o r b i t  
p o s i t   i o n .  
6 .  I n t e r n a l   H e a t  Flow - ' i n t e rna l  
The e x t e r n a l  h e a t  t r a n s f e r  i s  l i m i t e d  t o  r a d i a t i o n ;  h o w e v e r ,  t h e  
e x t e r n a l  s k i n  is  i n  d i r e c t  c o n t a c t  w i t h  t h e  foam layer  and conduct ion 
h e a t  t r a n s f e r  must be considered through the sandwich wall  ( see  
F igu re  8 ) .  
The conduct ive heat  f low through the foam c a n  b e  w r i t t e n  as a f u n c t i o n  
o f  t h e  e x t e r n a l  a n d  i n t e r n a l  s k i n  t e m p e r a t u r e s :  
Sign Convention: Heat flow 
i n t o  t h e  v e h i c l e  i s  p o s i t i v e  
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Total Irradiation 
Heat Flux 
E m i t t e d  Heat Flux 
/External  Skin  &Internal  Skin 
Figure 8 .  Heat Transfer through the  Vehicle Wall 
7. Summary of  t h e  Heat Balance  Equat ions 
a.  External  Skin 
UsAnFs S + usAnFErE S + a+nFEEE 
b .  Internal Skin 
c .  Internal  Air Mess 
n *  1 
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G .  Computer S o l u t i o n  
The f i r s t  s t e p  i n  t h e  c o m p u t e r  s o l u t i o n  o f  t h e  f i n i t e  d i f f e r e n c e  h e a t  
ba l ance  equa t ion  was the  eva lua t ion  o f  t he  so l a r ,  a lbedo ,  and  ea r th -  
e m i t t e d  r a d i a t i o n  f o r m  f a c t o r s  f o r  e a c h  s u r f a c e  a t  5 -degree  in t e rva l s  
a r o u n d  t h e  o r b i t .  
The s i z e  o f  t h e  t i m e  i n c r e m e n t s  f o r  t h e  f i n i t e  d i f f e r e n c e  s o l u t i o n  o f  
d i f f e r e n t i a l  e q u a t i o n s  was determined by the magnitude of  the smallest  
t h e r m a l   r e s i s t a n c e   a n d   h e a t   c a p a c i t a n c e   p r o d u c t   i n   t h e   s y s t e m .  The low 
va lue  of  thermal  mass o f  t h e  i n t e r n a l  a i r  d e t e r m i n e d  t h e  l a r g e s t  t i m e  
s t e p  t h a t  c o u l d  b e  u s e d  i n  t h e  s o l u t i o n  o f  t h e  h e a t  b a l a n c e  e q u a t i o n s .  
However, t h e  e x t e r n a l  r a d i a t i o n  h e a t  b a l a n c e  e q u a t i o n  c o u l d  t o l e r a t e  a 
much larger   t ime  s tep.   For   reasons  of   program economy, t h e   i n t e r n a l  
temperatures  were  computed 10 t imes  fo r  each  ex te rna l  t empera tu re  va lue  
determined by t h e  l a r g e r  t i m e  s t e p  r a d i a t i o n  h e a t  b a l a n c e  e q u a t i o n s .  
The e x t e r n a l  a n d  i n t e r n a l  s u r f a c e  a n d  i n t e r n a l  a i r  mass temperatures  were 
computed f o r  a minimum o f  t h r e e  o r b i t s  f o r  t h e  two c r i t i c a l  d e s i g n  c o n d i -  
t i o n s  w i t h  p a r a m e t r i c  v a r i a t i o n  o f  s u r f a c e  p r o p e r t i e s  a n d  i n s u l a t i o n  
t h i c k n e s s .  Computer i n p u t   d a t a   a r e   p r e s e n t e d   i n   T a b l e  5. 
H .  R e s u l t s  and Conclusions 
The p a r a m e t r i c  v a r i a t i o n  o f  s u r f a c e  c o a t i n g  p r o p e r t i e s  combined w i t h  t h e  
use  of  var ious  th icknesses  of  foam i n s u l a t i o n s  made p o s s i b l e  t h e  o p t i m i z a -  
t i o n  o f  t he  a i r lock ' s  t he rma l  des ign .  
The r e su l t s  o f  t he  compute r  ana lys i s  a r e  summar ized  in  Tab le  6 f o r  t h e  
s e l e c t i o n   o f   s u r f a c e   c o a t i n g s   f o r   t h e   m a x i m a l   h e a t i n g   c o n d i t i o n .  The 
t empera tu re  p ro f i l e s  fo r  Coa t ings  Nos. 5 and 6 are graphica l ly  reproduced  
i n  F i g u r e s  9 through 1 2 .  
Based  on the  r e su l t s  o f  t he  compute r  ana lys i s  fo r  t he  max ima l  hea t ing  
c o n d i t i o n ,  a s u r f a c e   c o a t i n g  similar to   Coa t ing  No. 6 ,   w i t h  a = 0.19  
and e T  = 0 .25  , was s e l e c t e d .  
The  behavior  of  th i s  des ign  was inves t iga ted  under  the  minimal  hea t ing  
condi t ion   wi th   2 .00   and  3.00 in .   o f  foam i n s u l a t i o n .  The r e s u l t s   i n d i c a t e  
t h a t  t h e  i n t e r n a l  a i r  t e m p e r a t u r e  d r o p s  r a p i d l y  a f t e r  p r e s s u r i z a t i o n  o f  
t h e   a i r l o c k  a t  64°F  (see  Figures  13 and 14).  The 2 . 0 0 - i n .   t h i c k   i n s u l a t i o n  
m a i n t a i n s  t h e  i n t e r n a l  a i r  t e m p e r a t u r e  w i t h i n  t h e  s p e c i f i e d  limits only 
f o r  35 minutes .  The i n c r e a s e d   i n s u l a t i o n   t h i c k n e s s   d o e s   n o t   p r o v i d e  
enough improvement  of  the  cool ing  charac te r i s t ics  to  warran t  the  increased  
weight and volume of the 3 .OO-in. t h i c k  foam wal l .  
A f t e r  s e v e r a l  o r b i t s ,  t h e  i n t e r n a l  a i r  t e m p e r a t u r e  s t a b i l i z e s  a r o u n d  
-40°F  (see  Figures  15 and  16),   and  the  lowest  temperature on t h e  e x t e r n a l  
s u r f a c e s  i s  -851°F~ which has no a d v e r s e  a f f e c t  on t h e  v e h i c l e  s t r u c t u r e .  
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TABLE 5 
COMPUTER INPUT DATA 
Orb i t  In fo rma t ion  
1. 200-nm c i r c u l a r  o r b i t ;  i n c l i n a t i o n  a n g l e ,  i = 28.7 degrees  
2 .  Max. heat ing   epoch  time t = 21 June  1964 
3 .  Min. hea t ing   epoch  t i m e  t = 21 Sept   1964 
0 
0 
Vehic l e  Or i en ta t ion  
1. Max. heat ing:   Angle   between  sun  vector  & normal   of   surface 
No. 1 (see Figure 8) = 60 d e g r e e s ,  c o n s t a n t  
2 .  Min. hea t ing :   Angle   be tween  sun   vec tor  & normal   o f   sur face  
No. 9 = 180 d e g r e e s ,  c o n s t a n t  
I n i  t i a  1 Temp 
1. I n i t i a l  temp of vehic le :   64°F 
2 .  C i r c u l a r   b a s e   p l a t e   h a s  a c o n s t a n t  temp of  OOF 
Coa t ing  P rope r t i e s  
M a t e r i a l  
Aluminized Mylar 
Tef lon  FEP 
Alodine 401-41 
White s i l i c o n  - 
alkyde - black enamel 
c o a t i n g s  No. 3 
Coating No. 5 
Coat ing No. 6 
S o l a r  A b s o r p t i v i t y  
0 .35 
0.16 
0.40 
0.40 
0.17 
0.19 
E m i s s i v i t y  
0.20 
0.89 
0 .50  
0 . 9 2  
0.20 
0.25 
Reference No. 
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TABLE 5 (Continued) 
Base P l a t e  P r o p e r t i e s *  
1. S o l a r   a b s o r p t i v i t y :   0 . 1 9  
2 .   S o l a r   r e f l e c t i v i t y :   0 . 8 1   R e f e r e n c e  2 
3 .   Thermal   emissivi ty:   0 .93 
Sandwich Wall  Properties 
Thickness ,  
Component 
The rma 1 
Conduc t iv i ty ,  
Btu /hr  f t  OF 
E x t e r n a l  s k i n  
1 .90  Foam 
0 . 0 5  
0.05 I n t e r n a l  s k i n  
""_ 0.444 
0.015 
0.313 ""_ 
0.192 
Spec i f i c  Hea t ,  
B tu / lb  OF 
0 . 2 5  
"" 
0.25 
I n t e r n a l  A i r  Mass 
1. Volume: 8 7 . 9 2   f t 3   4 S p e c i f i c   h e a t :   0 . 2 4   B u / l b  OF 
2 .  P r e s s u r e :   1 0   p s i  5 .  Mass: 4 .97   l b  
3 .  Dens i ty :   0 .0566   l b / f t3  
Convect ive  Heat  Transfer  Coeff ic ien t  
~. - 
I Assume: A T  = 50'F 
1 1 
h = 0.29 (&) ' (y] ' = 0.29 x 0.825 x 1 .64  = 0 . 3 9 2   B t u / h r   f t 2  OF 
* Assumed to  have  typ ica l  t he rma l  con t ro l  su r f ace  u,sed on 
m e t a l  s u r f a c e s  ( e . g .  , HAC wh i t e )  
NOTE: The rmophys ica l   p rope r t i e s   o f   r e in fo rced   p l a s t i c   l amina te s  and 
a i r  t a k e n  from Reference 6 
Thermal  conduct ivi ty  of  polyurethane foam measured by Narmco i n  
vacuum i n .  Hg) a t  200°F  temperature 
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Coating 
Aluminized Mylar 
Teflon FEP 
e White Silicon-Alkyd 
Black Enamel 
Alodine 401-41 
Coating No. 6 
(Figures 11 & 12) 
TABLE 6 
SUMMARY OF COMPUTER ANALYSIS; MAXIMUM HEATING CONDITION 
U 
S 
0.35 
0.16 
0.40 
0 .40  
0.17 
0.19 
B 
0.20 
0.89 
0.92 
0.50 
0.20 
0.25 
1 .75  
0 .18  
0.44 
0.80 
0.85 
0.80 
Foam 
Thickness,  
i n .  
0.20 
0.20 
2.00 
0.20 
2 .oo 
2.00 
Max. Surface 
OF 
Temp > 
290 
12 
1 1 7  
190 
150 
185 
Comments 
External  surface temps exceed 
allowable temp of composite 
ma te r i a l s  
Av. temp too  cold 
Av. i n t e r n a l  a i r  temp too cold 
Av. i n t e r n a l  a i r  temp too high 
Insu la t ion  th ickness  i s  n o t  
s u f f i c i e n t  t o  c o n t r o l  i n t e r n a l  
a i r  temp o s c i l l a t i o n  
S a t i s f a c t o r y  d e s i g n ;  i n t e r n a l  
temp v a r i a t i o n  62°F to 49°F 
S a t i s f a c t o r y  d e s i g n ;  i n t e r n a l  
temp variat ion 82°F to  52°F.  
I n t e r n a l  a i r  temp range 
should be lowered to 79°F t o  
49°F 
Orbit 
Surface  Coating 
Solar  Absorptivity = 0.17 
Thermal  Emissivity = 0.20 
ate Ratio = 0.85 
Equator 
Foam  Insulation (k = 0.015 Btulhr  ft "P) 
Thickness = 2.00 in. 
Maximal  Heating  Surface  Numbers 
. 
I 
I . . " 
. 
I*I UYC.-u.ms. Second Orbit 
Figure 9 .  External  Surface  Temperatures 
w 
Orbit 
Plane 
Equator 
Maximal  Heatine 
Surface  Coating 
Solar Absorptivity = 0.17 
Them1 Emissivity = 0.20 
a/€ Ratio = 0.85 
Foam Insulation (k = 0.015 Btulhr ft  OF) 
Thickness = 2.00 in. 
W 
Maximal Heating 
Surface  Coating 
Solar Absorptivity - 0 . 1 9  
T h e m 1  Emiasivity - 0.25 
WE Ratio - 0.80 
Foam Insulation (k = 0.015 Btulhr f t  '1) 
Thickness = 2 .00  i n .  
Surface Numbers 
(Refer  to Figure 7 
fOK location)  
Figure  11. External   Surface  Temperature  
3 
Surface coating 
Solar Absorptivity = 0.20 
T h e m 1  Emiesivity - 0.25 
a / €  Ratio - 0.80 
Foam Iosulaclon (k = 0.015 Btulhr f t  'F) 
Thickness = 2 . 0 0  i n .  
Maximal Heating 
. . . . . . . . . .  . ......... . 
Figure 12. Internal Temperatures 
I 
Orbit 
Plane7 i 
Minimal Heating 
- 
Surface Coating 
Solar Absorptivity = 0 . 1 9  
Thermal Emissivity = 0.25 
a/€ Ratio = 0 . 7 6  
Foam Insulat ion (k = 0.015 Btu/hr f t  OF) 
Thickness = 2.00 i n .  
Figure 13 .  External  Surface Temperatures 
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N 
Orbit t 
Equator fi 
Surface Coating 
Solar Absorptivity = 0.19 
Thermal Emissivity = 0 . 2 5  
a / €  Ratio = 0 . 7 5  
Foam Insulation (k = 0.015 Btu/hr ft OF) 
Thickness = 2 -00 in. 
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N 
O r b i t  t 
Sur face  Coa t ing  
S o l a r  A b s o r p t i v i t y  = 0.19 
Thermal E m i s s i v i t y  = 0.25 
a/€ Rat io  = 0.76 
Foam I n s u l a t i o n  ( k  = 0.015 B t u / h r  f t  OF) 
Thickness  = 3.0 i n .  
Minimal Heating 
c- 
Figure 15. External  Surface  Temperatures 
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c 
c 
u a t o r  
Minima 1 Heating 
LI 
- 2  
$4 
d 
0 
- m  
Surface Coatin& 
S o l a r  A b s o r p t i v i t y  = 0.19  
Thermal  Emissivi ty  = 0.25 
a/€ Rat io  = 0.76 
Foam I n s u l a t i o n  (k = 0.015 Btu /hr  f t  OF) 
Thickness  = 3.0 in. 
Coat ings  Nos. 5 and 6 p rov ide  the  bes t  pas s ive  t empera tu re  con t ro l  
f o r   t h e   a i r l o c k .  The s o l a r   a b s o r p t i v i t y  and  thermal   emissivi ty  
va lues  used  fo r  t hese  two su r faces  do  no t  r ep resen t  ac tua l  measu red  
p r o p e r t i e s   o f   p h y s i c a l   s u r f a c e s .  However, i t  i s  e s t i m a t e d   t h a t   t h e  
pol i shed  a luminum or  copper  fo i l  wi th  a v e r y  t h i n  l a y e r  of Tef lon  FEP 
o u t e r  s u r f a c e  would  have  spec t ra l  p roper t ies  similar t o  C o a t i n g s  Nos. 5 
and 6 .  
Spec t r a l  r e f l ec t ance  measu remen t  o f  su r face  material specimens should be 
conduc ted  to  de t e rmine  so la r  abso rp t iv i ty  and  the rma l  emis s iv i ty  p rope r t i e s  
of commerc ia l ly  ava i lab le  materials compat ib le  wi th  the  expandable  a i r -  
l o c k   d e s i g n .  
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V .  DESIGN OF  STRUCTURAL  FABRICJ; 
An op t ima l  des ign  o f  a f i l a m e n t a r y  s t r u c t u r e  r e q u i r e s  i s o t e n s o i d  f i b e r  
o r i e n t a t i o n ;  i .e . ,  t h e  f i b e r s  l a y  a l o n g  g e o d e s i c  p a t h s  a n d  t r a n s m i t  l o a d s  i n  
t e n s i o n  o n l y .  I n  the case of  a s t r u c t u r e  t h a t  f o l d s ,  t h e  f i b e r s  m u s t  r e t a i n  
the d e s i g n e d   o r i e n t a t i o n  while t h e  s t r u c t u r e  i s  expanded.  Therefore, ,  a 
ma t r ix  mus t  be  p rov ided  to  ma in ta in  f ibe r  o r i en ta t ion .  
Fo r  the  p re sen t  a i r lock  concep t ,  a be l lows- type  conf igu ra t ion  was c h o s e n  t o  
p r o v i d e   f o l d a b i l i t y .  This t y p e   o f   f o l d i n g   a p p e a r e d   b e s t   s u i t e d   s i n c e   t h e  
i n h e r e n t  f o l d a b i l i t y  of t h e  s t r u c t u r a i  f a b r i c  wou ld  be  r e s t r i c t ed  by t h e  
a d d i t i o n  o f  o u t e r  p r o t e c t i v e  l a y e r s  as w e l l  as an  inne r  l i n e r .  A bel lows 
shape  wou ld  be  bu i l t  i n to  the  load -ca r ry ing  s t ruc tu re  as shown i n  F i g u r e  1 7 .  
The a p p r o p r i a t e  f i b e r  o r i e n t a t i o n  f o r  t h i s  d e s i g n  c o n s i s t s  o f  a layer  of  
l o n g i t u d i n a l  f i b e r s  t o  c a r r y  a x i a l  l o a d s ,  w i t h  hoop f ibe r s  spaced  a long  the  
c y l i n d e r  t o  c a r r y  hoop  loads.   Since  hoops  can  be  f i lament  wound wi th  a r e s i n ,  
t hey  do  no t  r equ i r e  a k n i t t e d  matrix t o  m a i n t a i n  t h e  i n d i v i d u a l  f i b e r  s p a c i n g .  
However, t h e  l o n g i t u d i n a l  f i b e r s  m u s t  b e  s p a c e d  u n i f o r m l y  t o  p r o v i d e  a sub- 
s t r u c t u r e  f o r  t h e  a i r - s e a l i n g  l i n e r .  
T h e  f o l l o w i n g  d i s c u s s i o n  d e l i n e a t e s  f i l a m e n t a r y  s t r u c t u r e s  a p p l i c a b l e  to a n  
a i r l o c k  a s  i n d i c a t e d  by Reference 7 .  
A .  Types o f   S t r u c t u r a l   F a b r i c s  
1. Filament-Wound S t r u c t u r e  
A cor ruga ted  a i r lock  cou ld  be  f ab r i ca t ed  a s  a h e l i c a l l y  wound 
c y l i n d e r   u s i n g   a n   i s o t e n s o i d   d e s i g n .   T h i s   a p p r o a c h   i n i t i a l l y  
a p p e a r e d  a t t r a c t i v e ,  s i n c e  a h e l i c a l l y  wound c y l i n d e r  c o n s t i t u t e s  
one  of t h e  m o s t  e f f i c i e n t  s t r u c t u r e s ;  i . e . ,  t h e  l i g h t e s t  w e i g h t  f o r  
a g iven   p re s su re   l oad ,  when used   as  a p r e s s u r e  v e s s e l .  However, 
t h i s  approach  was c o n s i d e r e d  i m p r a c t i c a l  f o r  t h e  p r e s e n t  a i r l o c k  
requi rements   because  of t h e  f o l l o w i n g  l i m i t a t i o n s .  
In  o rde r  t o  f i l amen t  w ind  a c o r r u g a t e d  c y l i n d e r ,  e l a b o r a t e  p r o c e d u r e s  
would  be  required,   including  winding  over  a removable   mandrel .   In  
a d d i t i o n ,  t h e  f i l a m e n t s  would  then  have  to  be embedded i n  a ma t r ix  
i n  o r d e r  t o  m a i n t a i n  f i l a m e n t  o r i e n t a t i o n .  T h i s  would s t i f f e n  t h e  
s t r u c t u r e  and  add d i f f i c u l t i e s   t o   t h e   f o l d i n g   p r o c e s s .   F o r   t h e s e  
r e a s o n s ,  a l t e r n a t i v e  f a b r i c a t i o n  p r o c e s s e s  were cons idered .  
2 .  K n i t t e d   S t r u c t u r e  
T h e r e  a r e  b a s i c a l l y  two advantages of  a k n i t t e d  s t r u c t u r e  o v e r  a 
f i lament -wound  s t ruc ture :  (1) a k n i t t e d  s t r u c t u r e  i s  e a s i e r  t o  
f a b r i c a t e ,  a n d  (2) no   mat r ix  i s  r e q u i r e d  a n d  t h e r e f o r e  t h e  s t r u c t u r e  
has  maximal f l e x i b i l i t y .  However, t h e r e  is  a weight   pena l ty   wi th  a 
k n i t t e d  s t r u c t u r e ,  s i n c e  the f i b e r s  l o s e  a b o u t  30% o f  t h e i r  s t r e n g t h  
when b e n t   s h a r p l y .   A l s o ,   f a b r i c a t i o n   t o l e r a n c e s  are h a r d e r   t o   c o n t r o l .  
- 
9; This work was performed by Astro Research Corporat ion.  
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Figure 1 7 .  General Shape of A i r lock   S t ruc tu re  
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3 .  Fi lament -Reinforced   Kni t ted   S t ruc ture  
This concept ,  developed previously by Astro Research Corporat ion,  
i nvo lves  a k n i t t e d  s t r u c t u r e  t h a t  i s  used simply as a m a t r i x  t o  
p o s i t i o n   f i l a m e n t s   i n  a " f i l amen t -wound"   s t ruc tu re .   Th i s   cons t ruc t ion  
is  d e p i c t e d  i n  F i g u r e  18. With th i s  approach ,  a minimal  weight  kn i t t ing  
can  be  chosen,   with a l l  l oad  ca r r i ed  by  the  added  f i l amen t s .  The 
a d v a n t a g e s  o f  t h i s  c o n s t r u c t i o n  a r e  (1) t h e  l o a d - c a r r y i n g  f i l a m e n t s  
are n o t  s u b j e c t  t o  t h e  d e c r e a s e  i n  s t r e n g t h  f r o m  s h a r p  b e n d i n g  t h a t  
o c c u r s  i n  k n i t t e d  s t r u c t u r e s ,  a n d  (2) t h e  k n i t t e d  s t r u c t u r e  i s  made 
f r o m  l i g h t ,  e a s i l y  worked f i l a m e n t s ,  w i t h  t h e  h e a v y ,  l o a d - c a r r y i n g  f i l a -  
ments   s imply   l a id   in   p lace .  The we igh t  o f  t he  kn i t t ed  ma t r ix  i s  es t imated  
t o  be 20% o f  the  load  ca r ry ing  f i l amen t s .  
4 .  Proposed  Load-Carrying  Structure 
The f i l a m e n t - r e i n f o r c e d  k n i t t e d  c o n s t r u c t i o n  o f f e r s  s i g n i f i c a n t  
advantages  over  both  f i lament -wound and  s imple  kni t ted  cons t ruc t ion .  
T h e s e   a d v a n t a g e s   i n c l u d e   f a b r i c a b i l i t y ,   f l e x i b i l i t y ,   a n d   s t r u c t u r a l  
e f f i c i e n c y .   T h i s   c o n s t r u c t i o n  was the re fo re   cons ide red  optimum f o r  
t h e  a i r l o c k .  
The l o a d - c a r r y i n g  s t r u c t u r e  would cons i s t  o f  f i l amen t - r e in fo rced  
k n i t t e d  f a b r i c  t o  c a r r y  a x i a l  l o a d s ,  w i t h  a d d e d  h o o p  r i n g s  c a r r y i n g  
hoop  loads.  A t h i r d   m a j o r   s t r u c t u r a l   e l e m e n t   i n   t h e   s y s t e m ,   a s  shown 
i n  F i g u r e  1 7 ,  would  be  drawst r ings  used  to  a t tach  the  load-car ry ing  
s t r u c t u r e  t o  t h e  s p a c e  s t a t i o n  and t o  t h e  e n t r y  p o r t .  
B . S t r u c t u r a l   A n a l y s i s  
T h i s  a n a l y s i s  was taken from Astro Research Corporat ion Report  No. ARC- 
R-169 (Reference 8 ) .  
1. Equi l ibr ium  Requi rements   for   Longi tudina l   F ibers  
The e q u i l i b r i u m  c o n d i t i o n s  on a l o n g i t u d i n a l  f i b e r  i n  t h e  a i r l o c k  
s t ruc tu re  can  be  ob ta ined  by  t ak ing  a f r ee -body  sec t ion  no rma l  to  the  
a x i s ,  as shown i n  F i g u r e  1 9 .  
It can  be  seen  tha t  equ i l ib r ium demands t h a t  
nT cos U = p TT r 2 
where n = number o f   l o n g i t u d i n a l   f i b e r s  
T = t e n s i o n   i n   t h e   l o n g i t u d i n a l   f i b e r s  
r = r a d i u s  
a = s l o p e   a n g l e   o f   l o n g i t u d i n a l   f i b e r s  
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(b)  Side V i e w  
(a) Top V i e w  (Reduced) 
Figure 18. Combined Kni t t ing   and  Filament-Wound S t r u c t u r e s  
Figure  1 9 .  Equi l ibr ium  Condi t ions  on Longi tudina l   F iber  
Also ,  
2 nT = p ro  (2) 
Then  from  equations (1) and (2), 
2 
cos a = It1 
2 .  So lu t ion   fo r   Equ i l ib r ium  Shape   o f   Mer id i an  
Equat ion (3) e s t a b l i s h e s   t h e   r e q u i r e m e n t   f o r   t h e   e q u i l i b r i u m   s h a p e   o f  
t he   mer id i an   cu rve  of t he   p re s su re   ves se l .   I n   Re fe rence  9, a more 
genera l  form of  th i s  equat ion  i s  i n t e g r a t e d  t o  o b t a i n  a c losed-form 
s o l u t i o n   i n   t e r m s   o f   t h e   t a b u l a t e d   e l l i p t i c   i n t e g r a l .  As a p p l i e d   t o  
equa t ion  ( 3 ) ,  t h e  r e s u l t s  are a s   f o l l o w s :  
F o r  t h e  a x i a l  c o o r d i n a t e  Z:  
where F ($, k)  = e l l i p t i c   i n t e g r a l  of  t h e   f i r s t   k i n d  
E ($, k) = e l l i p t i c   i n t e g r a l  o f  the   second  k ind  
k = s i n  45" 
r )  
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For  the  arc  l e n g t h  A :  
Note tha t  t hese  quan t i t i e s  a re  measu red  f rom the  po in t  of  maximal 
r a d i u s   i n   e i t h e r   d i r e c t i o n   t o w a r d   t h e   h o o p .   T h u s ,  
The t e n s i l e  l o a d  i n  t h e  h o o p s  i s  r e l a t e d  t o  t h e  h o o p  s p a c i n g ,  s i n c e  
the  spac ing  de te rmines  the  ang le  of  the co rne r  p inched  in to  the  
l o n g i t u d i n a l   f i b e r s  by the  hoop.   Figure 1 9  shows t h a t   t h e   d i s t a n c e  
between  adjacent  hoops i s  ~ Z H  . I f   t h e  ax ia l  coord ina te   o f   the  
d raws t r ing  i s  ZD , t h e n   t h e   l e n g t h  of t h e   t u b e  i s  
Z = 2 Z D  3 2 m ZH 
where m i s  t h e  number of hoops.  No te   t ha t  i f  Z and m a r e  
g iven ,  t hen  ZD and ZH must  be c a l c u l a t e d  t o  s a t i s f y  e q u a t i o n  ( 6 ) .  
For  the  present  problem,  the  assumpt ion  w i l l  b e  t h a t  t h e  i n s i d e  
d i ame te r s  o f  t he  hoop  and  d raws t r ing  a re  g iven ,  and  tha t  t he  ou t s ide  
d iameter  o f  t he  tube  mus t  be  chosen  in  o rde r  t o  sa t i s fy  the  r equ i r e -  
ments  of  equation ( 6 ) .  Thus, ro  must  be  determined s o  t h a t  
equa t ion  (6)  i s  s a t i s f i e d ,  where ZD and ZH are  determined  from 
equa t ion  ( 4 ) ,  w i t h  rD and rH predetermined.  Because Z i s  a n  
i m p l i c i t   f u n c t i o n   o f  ro , t h i s   can   bes t   be   accompl i shed   numer i ca l ly ,  
by  assuming  var ious  values   of  ro and  working  through  to   f ind Z . 
Figure  20 i s  a p l o t   o f  ro v e r s u s  Z f o r   v a r i o u s   v a l u e s  o f  m . 
From t h i s  s e t  of curves ,  a v a l u e   f o r  ro  can  be  chosen  which w i l l  
c o r r e s p o n d  t o  t h e  d e s i r e d  t u b e  l e n g t h .  
The l e n g t h  o f  t h e  l o n g i t u d i n a l  f i b e r s  i s  determined by add ing  the  
l eng ths  of t he  a rc s ,  f rom equa t ion  ( 5 ) ,  t ha t  compr i se  the  mer id iona l  
c u r v e .   T h i s   t o t a l   l e n g t h  L i s  given  by 
L = 2 R D  + 2 m J  
H 
46 
I 
5 0  
; 4 5  
.rl 
n 
r 
Hoop Radius r = 24.00 i n .  
Drawstring Radius rD = 18.00 i n .  
H 
r = 19.00 i n .  "- D 
~~ . -  ~~ ~~ . ~ ~~~ ~ ~. ~ ~ 
24  24.5 
I I 
25  25.5 2 
Outside Radius 
F i g u r e  20. E f fec t   o f   Ou t s ide  Diameter on  Tube  Length 
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3 .  Condi t ions  on C i r c u m f e r e n t i a l  Hoops 
Given   the   p roper  ro , it i s  p o s s i b l e  t o  compute   t he   t ens ion   i n   t he  
hoop  and  drawstring. The e q u i l i b r i u m  r e q u i r e m e n t s  f o r  a s e c t i o n  of 
t h e  hoop are shown i n  F i g u r e  21: 
F igu re  21. E q u i l i b r i u m   f o r  a Hoop 
The hoop  tens ion   forces  TH on a l e n g t h  dR can be r e s o l v e d   i n t o  a 
r a d i a l l y   i n w a r d - d i r e c t e d   f o r c e  TH This   force   mus t   ba lance   the  
r a d i a l  componen t  o f  t he  t ens ion  in  a s soc ia t ed  mer id iona l  f i be r s ;  o r  
- dR . 
'H 
m 
- dR I H  n dR 
r 
= 2 T s i n  aH * 
H 
o r  
nT s i n  a H 
TH - 
- 
Tr 
where aH is g iven  by equa t ion  (3) a t  r = r H: 
2 
cos a H = (:) 
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4 .  Condi t ions  a t  Ends  of  Tube 
A t  the  ends of t h e  a i r l o c k ,  t h e  f i b e r s  are t u r n e d  i n t o  a r a d i a l  p l a n e  
by t h e  r i m  on which the drawstr ing is  mounted, as shown i n  F i g u r e  22 ( a ) .  
I. 
Drawstring 
(a) R i m  D e t a i l  (b) Drawstring  Forces  (c) R i m  Forces 
F igu re  22.  R i m  and  Drawstring  Forces 
The d r a w s t r i n g  f o r c e s  a r e  t h e r e f o r e  as shown i n  F i g u r e  22 (b) 
Equi l ibr ium on a d i f f e r e n t i a l  e l e m e n t  of  the  drawst r ing  g ives  
o r  
The r i m  load,  Fk, shown i n  F i g u r e  22 ( c ) ,  i s  
o r  
where 
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Note t h a t  t h e  r i m  load has  a r a d i a l  component  which  imposes a com- 
p res s ive  load  on  the  r i m .  
C .  Design Data f o r   A i r l o c k   S t r u c t u r e  
The f o l l o w i n g  d e s i g n  d a t a  were u s e d  f o r  t h i s  d e s i g n  s t u d y .  
1. General   requirements:  
Des ign   i n t e rna l   p re s su re  10 p s i  
S a f e t y   f a c t o r  5 
Hoop d iameter   48   in .  
Drawstr ing  diameter  36 i n .  
Length  between  drawstr ings =76 i n .  
Number of  hoops 6 
2 .  Long i tud ina l   F ibe r s  
Mater ia l   Heat -s t re tched   Dacron  
Breaking   load   per  f iber  100 l b  
Tension a t   d e s i g n   p r e s s u r e  20 l b  
Elongat ion  a t  d e s i g n  2 .O% 
p r e s s u r e  
S p e c i f i c   s t r e n g t h  2.4 x lo6 i n .  
D .  General   Dimensions  for   Air lock  Structure  
The c a l c u l a t i o n s  p r e s e n t e d  h e r e i n  are based  on  the  r e su l t s  o f  t he  ana lys i s  
p r e s e n t e d  i n  S e c t i o n  V.B,  and  equat ion  numbers  re fer  to  the  equat ions  
d e r i v e d   t h e r e i n .  The genera l   a r rangement   o f   the   s t ruc ture  is shown i n  
F igure  23.  
1. Outside  Diameter 
F igure  20 shows tha t  fo r  s ix  48 - in .  hoops  and  36 - in .  d raws t r ings ,  an  
ou t s ide  r ad ius  o f  24 .80  in .  g ives  a va lue  o f  ha l f - l eng th  o f  37 .85  in . ,  
which s a t i s f i e s  t h e  r e q u i r e m e n t  f o r  a l e n g t h  of approximate ly  76 i n .  
Th i s  po in t  w i l l  be  taken t o  r e p r e s e n t  t h e  s t r u c t u r e .  
50 
r 
r = 18.00 
D 
1 
t 
Drawstring 
- t- " 
n 
- Z l 2  = 37.85 1 
1 I 2 = 75.70 r 
Figure 23. General  Arrangement of Ai r lock   S t ruc ture  
r = 24.00 H 
1" 
I ro = 24.80 I 
Thus : 
r = 24.80 i n .  
r = 24.00 i n .  H 
r = 18.00 i n .  D 
Z = 75.7 i n .  
0 
2 .  Meridian  Angles 
Given ro , t h e   s l o p e  of t he   mer id i an  may b e   c a l c u l a t e d  from 
equa t ion  ( 3 )  : 
2 
cos a = 
A t  t h e  hoop, 
2 
= 0.93652 
a = 20.52" H 
A . t  t he  d raws t r ing ,  
2 
c o s  a = [-J = 0.52678 
D 
a = 58.21' D 
3 .  Hoop Spacing 
The a x i a l   d i s t a n c e  ZH and   t he   a r c   l eng th  aH from t h e  c r e s t  t o   t h e  
hoop  can  be  computed  from  equations ( 4 )  and ( 5 ) .  For  t h e   v a r i a b l e s  
$ and k co r re spond ing   t o   t he   hoop   pos i t i on  on the   mer id i an ,  
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Also, 
k = s i n  45" 
From Reference 10, the   va lues   o f  F ($, k) and E ($, k) f o r   t h e s e  
v a l u e s  a r e  found t o  b e  
FH = 0.25641 
E H  
= 0.25359 
This   g ives   fo r  zH , f rom  equat ion ( 4 ) ,  
r 
ZH = E H  - FH) 
T Z  
" - 2 4 ' 8 0  {2   (0 .25359)  - 0.256413 
-IF 
= 4 . 3 9 8  i n .  
For R H  , f rom  equat ion ( 5 ) ,  
- -   24 '8' (0.25641)  
. I "  
= 4.496 i n .  
The spacing  between hoops i s  2zH f o r   t h e   a x i a l   d i s t a n c e   a n d  2RH 
€ o r  t h e  a r c  l e n g t h .  
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4 .  Draws tr ing Spacing 
The a x i a l   d i s t a n c e  ZD and   t he   a r c   l eng th  AD be tween   t he   c r e s t  
and the drawstr ing posi t ion on the meridian can be computed for  
the  hoop. The v a l u e s  c o r r e s p o n d i n g  t o  t h e  d r a w s t r i n g  p o s i t i o n  are 
JrD = 43.47" 
k = s i n   4 5 "  
FD = 0.79561 
ED = 0.72473 
ZD = 11.47   in .  
A = 13 .95   i n .  
0 
5 .   Overal l   Length 
The ax ia l  spac ing  be tween  the  d raws t r ings  a t  t he  ends  of the  tube  
i s  g iven  by equa t ion  (6 ) :  
Z 2 2  + 2 m Z H  D 
= 2 (11.47) + 2 (6)  (4.398) 
= 75 .7   i n .  
The t o t a l  l e n g t h  of l ong i tud ina l  f i be r  be tween  d raws t r ings  i s  g iven  
by  equat ion (7)  : 
L Z A o + Z m R H  
= 2 (13.95)  + 2 (6)  (4.496) 
= 81 .85   i n .  
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" 
E .  D e t a i l   D e s i g n   f o r   A i r l o c k   S t r u c t u r e  
Having  de termined  the  geometry  of  the  s t ruc ture ,  the  s t ruc tura l  loads  and  
t h e  s i z e s  of t h e  members needed t o  c a r r y  t h e s e  l o a d s  may be determined.  
1. Long i tud ina l   F ibe r s  
From e q u a t i o n  ( 2 ) ,  t h e  t o t a l  a x i a l  f o r c e  a t  t h e  d e s i g n  p r e s s u r e  c a n  
b e  w r i t t e n  as 
nT = p TI ro 2 
= 10 IT * ( 2 4 . 8 0 ) 2  = 19,320 l b  
For a working tens ion of 20 l b  p e r  f i b e r ,  t h e n ,  t h e  number of 
l o n g i t u d i n a l  f i b e r s  r e q u i r e d  i s  
n 
19,320 
T 
19,320 
20 
966 f i b e r s  
The f i b e r  s p a c i n g  a t  a n y  r a d  i u s  i s  - n 2nr f i b e r s l i n .  
A t  t h e   o u t s i d e ,  2nr = 6 . 2 0  f i b e r s l i n .  n 
A t  t h e   h o o p ,  6 . 4 0   f i b e r s l i n .  
A t  t h e   d r a w s t r i n g ,  8 . 5 4  f i b e r s l i n .  
L (1 - 6) = 8 1 . 8 5  (1 - 0 . 0 2 )  = 80 .21  i n .  
The w e i g h t  o f  t h e  l o n g i t u d i n a l  f i b e r s  c a n  b e  computed  from the weight  
p e r  u n i t  l e n g t h  of t h e  f i b e r .  A.ssuming the   Dac ron   f i be r   t o   have  a 
s p e c i f i c   s t r e n g t h  h of  2 . 4  x LO6 i n . ,   t h e   w e i g h t  p e r  u n i t   l e n g t h  is  
w T 100 l b  
R 6 
"" = 0 .38  x l b / i n .  
- - 2 . 4  x 10 i n .  
55 
The t o t a l  l e n g t h  of f i b e r  i n  t h e  s t r u c t u r e  i s  
nL = 966 (80.21) = 77,500 in .  
The we igh t  o f  t he  long i tud ina l s  i s  t h e r e f o r e  
w 
wL - R 
- - .  nL = (0.38 x (77,500) 
= 2 . 9  l b  
2 .  Hoops 
The load  in  the  hoops  i s  g iven  by equa t ion  (8) : 
n T s i n  uH 
- 
TH - Tr 
- (19,320)  (sin  20.52") 
TI 
= 2,155  lb  
For a nominal  design load of  high-strength s t ee l  f i b e r s  of 1 .5  lb ,  
t h e  number o f  t u rns  r equ i r ed  fo r  each  hoop  i s  
T H  
% = E -  - 2'  155 = 1,437  turns  1 .5  
The c r o s s - s e c t i o n a l  a r e a  f o r  t h e  h o o p  c a n  b e  e s t i m a t e d  by assuming 
t h e  a r e a  t o  be 85% s t e e l .  For a working stress of 120,000 p s i ,  t h e  
a r e a  i s  
1 TH 2 , 155 " - =  = 0.0211 i n .  2 *H - 0.85 S 0 .85  (120,000) 
The s h a p e  r e q u i r e d  f o r  t h e  c r o s s  s e c t i o n  i s  shown i n  F i g u r e  24. 
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h 0.25-in. R 
1 48.00 d i a  
F igure  24. Cross-Sec t iona l  Detai l  f o r  Hoop 
(Scale:  10 times f u l l  s i z e )  
The w e i g h t  o f  t h e  s t r u c t u r a l  f i b e r  i n  t h e  hoop can  be  computed  from 
t h e  volume  of s teel  i n  t h e  hoop 
wH 
= ys - 2 TI rH * 0.85% 
= 0.77 l b  
The a d d i t i o n a l  w e i g h t  o f  m a t r i x  i n  t h e  h o o p  (compared t o  t h e  w e i g h t  
of steel)  i s  
'M . 0.15 = 0.045 
ys 0.85  0.2 6
- = -  
wH 
The t o t a l  w e i g h t  o f  e a c h  hoop i s  
' " - 0.028, or approximate ly  3% 
0.85 
t hen  
WH -t AwH = 1.03 WH = 1.03 ( 0 . 7 7 3 )  
= 0.80 l b  
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3.  Drawstrings 
The l o a d  i n  t h e  d r a w s t r i n g s  is g iven  by equa t ion  (9 ) :  
-  19'320 = 3,075 lb 
2 n  
For a design  load of  1 . 5  l b  p e r  f i b e r ,  t h e  number of t u r n s  r e q u i r e d  
i s  
T D  n = - =  
D 1 . 5  2,050  turns  
The c ross - sec t iona l   a r ea ,   a s suming  85% s t e e l ,  i s  
1 TD 1 3,075 
AD - 0.85 S 0.85 120,000 
- " = -  = 0.0301 i n .  2 
The s h a p e  r e q u i r e d  f o r  t h e  c r o s s  s e c t i o n  i s  shown i n  F i g u r e  25. 
1-,0.20 in%-i 
F igure   25 .   Cross-Sec t iona l   Deta i l   fo r   Drawst r ing  
(Scale:  10 times f u l l  s i z e )  
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The weight of s tee l  f i b e r  i n  t h e  d r a w s t r i n g  is 
wD * 2 r * 0.85 % D 
= 0.286 * 2 ? (18.00) 0.85 (0.0301) 
= 0.83 l b  
Assuming an  add i t iona l  we igh t  o f  t he  matrix of 3%, t h e  t o t a l  w e i g h t  o f  
t he  d raws t r ing  i s  
= 0.85 l b  
Test d a t a  i n d i c a t e  t h e  d e s i r a b i l i t y  o f  i n c r e a s i n g  t h e  bend rad ius  of  the  
Dacron  yarn  around  end-rings  and  hoops.   This  can  be accommodated wi thout  
i n c r e a s e  i n  w e i g h t  by s u b s t i t u t i n g ,  f o r  t h e  s teel  w i r e  r i n g s  s p e c i f i e d  
previous ly ,  f i l ament -wound g lass  r ings  of  equal  weight  bu t  of  propor t ion-  
a t e l y  l a r g e r  s e c t i o n .  
Assuming a d e n s i t y  r a t i o  o f  g l a s s l s t e e l  l a m i n a t e  of 0.0810.25, t h e  l i n e a r  
s c a l e  f a c t o r  i n c r e a s e  o f  t h e  hoop and drawstring dimensions w i l l  be 1.77. 
The r e q u i r e d  e q u i v a l e n t  u n i a x i a l  t e n s i l e  s t r e n g t h  i n  t h e  hoop  then  becomes, 
f o r  a s a f e t y  f a c t o r  of 5, 
H i g h - q u a l i t y  f i l a m e n t  g l a s s  r i n g s  w i l l  exceed  th i s  requi red  va lue  con-  
s i d e r a b l y .  A t y p i c a l   v a l u e   o b t a i n e d   f o r   S - g l a s s   r i n g s  i s  300,000 p s i .  
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V I .  METEOROID PROTECTION  FOR THE EXPANDABLE AIRLOCK 
A. I n t r o d u c t i o n  
The p u r p o s e  o f  t h i s  a n a l y s i s  was t o  d e t e r m i n e  t h e  t h i c k n e s s  r e q u i r e d  t o  
p rov ide  p ro tec t ion  f rom the  expec ted  me teo ro id  f lux  du r ing  the  o rb i t a l  
miss ion .   The .procedure   used   for   de te rmining   the   composi te   th ickness  
was deve loped  f rom the  s tudies  or ig ina ted  under  NASA sponsorsh ip  
(Reference 1). 
The a n a l y t i c a l  method  assumed that  each composi te  layer  performed a func- 
t i o n  i n  p r e v e n t i n g  m e t e o r o i d  p e n e t r a t i o n  of t h e  i n n e r  w a l l .  The lamina te  
l a y e r  of t he   compos i t e   wou ld   e i the r   f r agmen t   o r   s top   t he   pa r t i c l e s .  The 
foam l a y e r  o f  t h e  s e c t i o n  would a b s o r b  t h e  p a r t i c l e s .  
T h i s  a n a l y s i s  was deve loped  to  p re sen t  an  eng inee r ing  approach  to  the  
p r o t e c t i o n  a f f o r d e d  by a compos i t e  cons t ruc t ion  cons i s t ing  o f  r e in fo rced  
p l a s t i c  a n d  f l e x i b l e  foam c o r e .  However, due t o  t h e  l a c k  o f  d a t a  on t h i s  
e f f e c t  o f  h y p e r v e l o c i t y  i m p a c t  upon o r t h o t r o p i c  m a t e r i a l s ,  t h e  s t r e n g t h  
propert ies  were assumed.  
B.  Analys is  
1. Assumptions 
The fo l lowing  assumpt ions  were  necessary  to  provide  a s t a r t i n g  p o i n t  
f o r  t h e  a n a l y s i s .  
a. The c r i t i c a l  m e t e o r o i d  mass was determined  from  data  reviewed by 
the  A i r  Force  (Reference 11). 
b. The m a t e r i a l   p r o p e r t i e s   w e r e   e s t i m a t e d   f o r   t y p i c a l   e l a s t i c  
r e c o v e r y  m a t e r i a l s .  
c .  Fur ther   assumpt ions   have   been   no ted   in   the   ana lys i s  as r e q u i r e d .  
2 .  Nomenclature 
A A i r l o c k   p r o j e c t e d  area, f t  L 
P 
AS 
A i r l o c k  s u r f a c e  a r e a ,  f t  2 
K , F  Constants  from  Reference 11 
L C h a r a c t e r i s t i c   m e t e o r o i d   l e n g t h ,  i n .  
N M e t e o r o i d   f l u x   d e n s i t y ,   f l u x / f t  day 2 
m C r i t i c a l   m e t e o r o i d  mass, gm 
C 
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I 
P .- (x = 0) P r o b a b i l i t y  o f  no p e n e t r a t i o n s  
S Meteoro id   ( i . e .  , p r o j e c t i l e )   s h e a r   s t r e n g t h ,  p s i  
P 
St Fac ing   o r  foam ( i . e . ,  t a r g e t )  s h e a r  s t r e n g t h ,  p s i  
T Mission  t ime,  days 
t f  Ou te r  f ac ing  o r  bumper s k i n  t h i c k n e s s  
t '  
P 
P e n e t r a t i o n  d e p t h  i n  a t h i n  p l a t e  
V Veloc i ty   o f   meteoro id ,   f t l second 
VJ: Veloc i ty   o f  fas te r   f ragment  of sha t te red   meteoro id ,  
f t l s e c o n d  
V 9: Veloc i ty  of slower  f ragments   of   shat tered  meteoroid,  
S f t l s e c o n d  
- 
vc , vf  
- 
Volume of  s lower and faster  meteoroid fragments  
r e s p e c t i v e l y ,   i n . 3  
P Density o f  m a t e r i a l ,   l b s / f t  
PP 
3 
Density of p a r t i c l e ,  l b s / i n .  3 
3 .  C r i t i c a l   M e t e o r o i d   P r o p e r t i e s  
The fo l lowing  p rope r t i e s  were  assumed f o r  d e t e r m i n i n g  t h e  c r i t i c a l  
meteoroid : 
a. P r o b a b i l i t y   o f  no p e n e t r a t i o n s ;  P (x = 0 )  = 0.995 
b. The v e h i c l e   o r b i t   o f   2 0 0 - n a t i c a l  miles 
c .  Air lock  areas inc lude :  
A = p r o j e c t e d   a r e a  = DL = 4 x 7 = 28 f t  2 
P 
As = exposed  area = n DL = 3.14 x 4 x 7 = 88 f t  2 
d .  T i m e  i n  o r b i t  was assumed t o  be  one  year 
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From Reference 11, t h e  g e n e r a l  i n t e r f e r e n c e  f a c t o r  was g iven  as: 
SF = SE SI 
where SF = t o t a l   i n t e r f e r e n c e   f a c t o r  
SE = e a r t h   s h i e l d   f a c t o r  
From F igure  6 of  Reference 11, t he   va lues   fo r  S and SI f o r  t he  
assumed o r b i t  were given as:  E 
SE = 0.65 
SI = 1.0 (No components t h a t   s h i e l d   t h e  
a i r l o c k )  
.'. SF = 0.65 
The form fac tors  for  the  a i r lock  shape  were  a l so  taken  f om 
Reference 11 and a p p l y  f o r  a p a r t i c l e  mass less than  10 gm. 
The f ac to r s  were :  
-5 
K = 1.0 
F = 0.44 
Using  these  parameters ,  the  meteoro id  f lux  dens i ty  was obtained from 
the  fo l lowing  equat ion .  
1 - p ( x  0 )  
N =  SF ( K A s  + F A )  T 
P 
- 1 - 0.995 
0 .65  (1.0 x 88 + 0.44 x 28) 365 
:. N = 0 .21  X = 2 . 1  x f l u x l f t   d a y  2 
62 
Log(N) = Log (2 .1  x = 0.322 - 7 = -6.678 
Log N = -1.34 Log  (mc) - 10.423  (Equation 6 ;  Reference 11) 
-6.678 = -1.34 Log mc - 10.423 
Log m = -6.678 + 10.423 = -2 .8 
C -1.34 
T h e r e f o r e  t h e  c r i t i c a l  m e t e o r o i d  mass i s :  
m = 1.585 x gm 
C 
With t h i s  i n f o r m a t i o n  and t h a t  g i v e n  i n  t h e  r e f e r e n c e s ,  t h e  d e s i g n  
me teo ro id  p rope r t i e s  a re  de f ined  a s  
* a .   P a r t i c l e   d e n s i t y  . 7 
= 2 gm/cm3 = 0 . 0 7 2 5   l b / i n .  3 
p P  
b .  P a r t i c l e   v e l o c i t y .  
Reference 1 2  
V = 30.5  km/sec = 1 0 0 , 0 0 0   f t / s e c  2 I 
c .  P a r t i c l e  volume. 
- - 1.585 x - x = 0.0481 x 
" c  - 454 x 0.0725 32.9 
= 48 .1  x 10 i n .  -6 3 
Assume the  shape  of a typ ica l  meteoro id  i s  a sphe re ,  a s  
i nd ica t ed   i n   Re fe rence   13 .  Then 
rr R3 = 48.1  x 10 -6 
3 
* Note t h a t   t h i s  i s  a depa r tu re  from the  Reference 11 recommendation. By 
engineering judgement only,  the Reference 1 2  va lue  was cons idered  bes t  
f o r  t h i s  a n a l y s i s .  
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d . L = R =  2.26 x lo-' 0.023 in.   (assume) 
e .  From t h e   l i t e r a t u r e ,   m o s t   i n v e s t i g a t o r s   a s s u m e  a typ ica l   me teo ro id  
i s  a glassl ike  composi t ion.   Then a reasonable   assumption  would 
b e  t h a t  t h e  f r a c t u r e  s t r e n g t h  o f  g l a s s  is  r e p r e s e n t a t i v e  of t h e  
me teo ro id   shea r   s t r eng th  as r e q u i r e d   f o r   t h i s   a n a l y s i s .  Thus 
assume t h e  p a r t i c l e  s h e a r  s t r e n g t h  i s  10,000 p s i .  
4 .  Composite  Thickness  Determination 
For t h i s  p r e l i m i n a r y  a n a l y s i s ,  o n l y  t h e  p e n e t r a t i o n  f a i l u r e  mode i s  
used. 
a .  To compute tf f o r   f i r s t   o r   o u t e r   f a c i n g ,  assume t y p i c a l   f a c i n g  
p r o p e r t i e s  as 
St = 7 , 7 0 0  p s i  
p t  = 0.058 l b / i n . 3  
The bumper parameter ,  Z , a s  d e f i n e d  i n  R e f e r e n c e  1 i s  t h e n  d e t e r -  
mined. 
z = - =  St p t  7 , 7 0 0  x 0 .058  = o.615 
S 
P pP 
10,000 x 0 , 0 7 2 5  
From F igure  91 of  Reference 1, 
t 
- =  
t '  
P 
0.06  
Then us ing  equa t ion  ( 7 )  of  Appendix D i n  R e f e r e n c e  1 a s  t h e  p e n e -  
t r a t i o n  e q u a t i o n  t h e  o u t e r  f a c i n g  of the  composite  can  be  found 
t f  = 0 . 6   ( 1 . 5 ) ( 0 . 9 7 )  V 0 .18   0 .26   - 4.04  113 
PP P t  St vC 
= 0 .0874  (100 ,000)  (0 .0725)   (  , 7 0 0 )  - O V o 4  ( 4 8 . 1  x 10 I ( 0 . 0 5 8 )  0 .26 -0.46 -6 113 
t f  = 0.033  in .   ( th ickness   o f   ou ter   fac ing)  
b .  The de te rmina t ion   o f   t he  foam th ickness ,   based  upon t h e  v e l o c i t i e s  
o f  p a r t i c l e  f r a g m e n t s  i s  de te rmined  nex t .  
6 4  
To f i n d  V$  f: ( v e l o c i t i e s   o f   a s t   a n d  slow f ragments) :  
From Figure  92 of Reference 1, f o r  
S 
W t .  s h i e l d l u n i t  area - 0.058  (0.033) =. 1.15 - 
W t .  o f   p r o j e c t i l e / u n i t  area 0.0725  (0.023) 
V f :  = 1.15 x 100,000 = 115,000  f t / sec  f 
v; = 0.1 X 100,000 = 10,000 f t / s e c  
From Figure  93 of  Reference 1 and w i t h  Z = 0.615 
._  
t f  vf 
" = 8 x 
'orig. 
- 
0.033  vf 
4 8 . 1  x 
= 8 x 1 0  -3 
- 48 .1  x LOm6 x 8  x = 268 x 10-9 in. 3 
vf  - 
- 
1.43 
f o r  a v e l o c i t y  o f  20,000 f t l s e c  
To f i n d   t h e  vo lume   o f   t he   f a s t   pa r t i c l e s  (V = 100,000 f t / s e c )  
following form is  used. 
= 268 x lo-' x 0.092 
= 24.6 x LO-' i n .  3 
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The Core thickness  i s  de te rmined  f rom the  fo l lowing  penet ra t ion  
formula taken from Reference 1: 
t ’  = 1.5 (0.97) V 0.18 0.26  -0.46  -0.04 - 1/3 
P PE ptc  %C v f .  
Assume 
= 0.065 l b l i n .  (From page 6 5 )  
3 
PE 
and foam p r o p e r t i e s  a s  
= 1 . 3 5   l b / f t 3  = 0.000783 l b f i n .  3 
t c  
t c  = 40  p s i  ( c o r e   t e n s i l e   s t r e n g t h )  
113 
t ’  = 1 . 5  ( 0 . 9 7 ) ( 1 1 5 , 0 0 0 )   ( . 0 6 5 )  o ’ 2 6  (0.000783) ( 4 0 ) ~ ” ~  (24 .6  X IO-’) 
P 
t ’  = 0.387 i n .  
P 
c .  To de te rmine   the   inner   fac ing   th ickness   requi red   to   absorb   the   s lower  
f r agmen t s ;  t he  ca l cu la t ions  used  in  the  par t  b .  a r e  r epea ted  wi th  
d i f f e r e n t  m a t e r i a l  p r o p e r t i e s .  
- 
t f  s 
vf 
V 
- - 6  ”- 
- 
V = volume  of  slower  f agments 
S 
A s  s ume - t f  
L = 1 .43  
- 24.6  x 10”’ x 6 vs = = 99 x i n .  3 1 . 4 3  
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Then with the fol lowing s low fragment  propert ies  the thickness  of  the 
i n n e r  f a c i n g  i s  determined. 
= 0.065 l b / i n .  3 
pP 
p t  = 0.058 l b / i n .  3 
st = 7,700 p s i  
Vf; = 10,000 f t / s econd  
S 
0.893  0.979  -0.457  -0.35 113 t '  = 1.5 (0.172) V 
P PP St  P t  vS 
= 1.5 (0.172)(10,000) 0'893 (0.065) (7 3 700) -0'457 (0.058) 99 x 10 0.979 -0.35 -9 113 
T h e r e f o r e ,  t h e  t h i c k n e s s  o f  t h e  i n n e r  f a c i n g  r e q u i r e d  t o  s t o p  t h e  slow 
fragments i s :  
t '  = 0.014 i n .  
P 
5. Summary of  Composite  Thickness 
By engineering  judgment  only,   apply a f a c t o r  of s a f e t y  t o  c o r e  
t h i c k n e s s  
F.S. = 5 
Then tc = 0.387 x 5 = 1.935 i n .  2 2.0 i n .  
For a pre l imina ry  des ign ,  t hen ,  t he  wall concept would be 
20.033 2 i n .  0.014 i n .  
W t . / f t 2  of w a l l  = 144 x 0.058 x 0.047 = 0.392 l b / f t  2 
144 X 2 x 1,728 = 0.225 l b / f t  1 35 2 
T o t a l  = 0.617 I b / f t  2 
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C .  Discuss ion  
The compos i t e  t h i ckness  de t e rmined  fo r  me teo ro id  p ro tec t ion  was based 
on   the   method  of   ana lys i s   p rev ious ly   deve loped .   This   ana lys i s   has   ye t  
t o  be  confirmed  experimental ly .   Based  on  observat ion  of   the work 
performed by o t h e r s ,   t h i s   a n a l y s i s  i s  probably   conserva t ive .  Tests con- 
duc ted  in  the  ve loc i ty  range  of  12 ,000  to  30,000 f t / s e c  i n d i c a t e  t h a t  a 
th inne r  ou te r  l amina te  would perform the same f u n c t i o n  as t h a t  c a l c u l a t e d .  
Pre l iminary  hyperve loc i ty  impact  tes t s  conducted  by the Langley Research 
Center on  composite wall samples,  similar t o  t h o s e  shown i n  F i g u r e  2 ,  
w i th  10  mi l l i g ram Mylar d i s k s  a t  ve loc i t i e s  o f  approx ima te ly  7,000 and 
18,000 f t / s e c ,  i n d i c a t e  t h a t  a lower bumper weight may b e   s u f f i c i e n t .  The 
a n a l y s i s  w i l l  b e  r e v i s e d  a t  a f u t u r e  d a t e  t o  i n c o r p o r a t e  f a c t o r s  w h i c h  
would r e f l e c t  t h e  m i c r o m e t e o r o i d  t e s t  r e s u l t s .  
As a r e su l t  o f  t h e  t e s t s ,  t h e  bumper s k i n  t h i c k n e s s  would  probably  be 
reduced to  save weight  and a l s o  i n c r e a s e  t h e  f l e x i b i l i t y  o f  t h e  c o m p o s i t e .  
The r e d u c t i o n  o f  t h e  s k i n  t h i c k n e s s  would not  excessively degrade the 
me teo ro id  p ro tec t ion  a f fo rded  by t h e  a i r l o c k  s y s t e m .  
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V I I .  RADIATION PROTECTION 
A d e t a i l e d  i n v e s t i g a t i o n  o f  t h e  r a d i a t i o n  p r o t e c t i o n  was n o t  made f o r  t h i s  
f e a s i b i l i t y  s t u d y ,  as the a s t r o n a u t  would not spend long periods of t i m e  i n  t h e  
a i r l o c k .  I f  t h e  s p a c e  s t a t i o n  were to   pas s   t h rough  a r a d i a t i o n  " s t o r m , "  t h e  
a s t r o n a u t  w o u l d  b e  w i t h i n  t h e  p r o t e c t i o n  a f f o r d e d  b y  t h e  s p a c e  s t a t i o n .  
The e f f e c t i v e n e s s  o f  e l a s t i c  recovery  materials a g a i n s t  s p a c e  r a d i a t i o n  was 
d i s c u s s e d   i n   R e f e r e n c e  1. Th i s   s tudy   expe r imen ta l ly   de t e rmined   t he   " e f f ec t ive  
a tomic   number ,"   re la t ive  Z , f o r  t h e  component materials o f   t h e  e las t ic  recovery  
composite. The t e s t  p r o c e d u r e   u t i l i z e d   l o w - l e v e l   s o u r c e s   i n  a low-pressure 
chamber. The z was obtained  from  aluminum,  which  has a known atomic number 
a n d  a b s o r b e r  c h a r a c t e r i s t i c s .  The aluminum s h e e t  was  used as t h e  s t a n d a r d  
index.  The e l a s t i c  r e c o v e r y  materials were then  compared  with  the  index as 
shown i n  T a b l e  7 .  
- 
The l o w e r   t h e   r e l a t i v e  Z number,  the more e f f e c t i v e   t h e  material was i n  
s h i e l d i n g   a g a i n s t   t h e   c o r p u s c u l a r   r a d i a t i o n .   T a b l e  7 a l s o  l i s t s  t h e  material 
d e n s i t i e s  p . 
- 
The most  impor tan t  mater ia l s  which  apply  to  the  expandable  a i r lock  des ign  
inc lude   t he  foam a n d   F o r t i s a n   f a b r i c   l a m i n a t e .  I t  must  be  noted  that   he 
e f f e c t  o f  l o n g - t e r m  e x p o s u r e  o f  t h e s e  f l e x i b l e  materials t o  s p a c e  r a d i a t i o n  
i s  n o t  known a t  t h i s  t i m e .  
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TABLE 7 
EFFECTIVE  ATOMIC NUMBER AND DENSITY OF 
ELASTIC RECOVERY  MATERIALS 
M a t e r i a l  
Index  reference  standard  aluminum 
Aluminum on Mylar 
P o l y v i n y l   c h l o r i d e  (PVC) r e s in1181  
g l a s s   f a b r i c  
PVC r e s i n / F o r t i s a n  f a b r i c  
Polyurethane foam 
PVC r e s i n - c a r b o n / l 8 1  g l a s s  f a b r i c  
Polyurethane  foam-carbon 
PVC r e s i n - c a r b o n / F o r t i s a n  f a b r i c  
DuPont type  46971  polyester  
adhes ive  
;: E f f e c t i v e  Atomic Number 
““1. Densi ty  
R e l a t i v e  Z ;k 
13 .OO 
12.23 
11.34 
10.24 
9.13 
8.80 
8.24 
8.02 
6.92 
2.700 
1.315 
1.680 
1.380 
0.237 
1.395 
0.356 
1.280 
1.240 
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V I I I .  FOLDING AND PACKAGING 
The method fo r  de t e rmin ing  the  bes t  approach  fo r  fo ld ing  the  a i r lock  was 
l a rge ly   expe r imen ta l .  The c o m p l i c a t i n g   f a c t o r   i n   t h e   f o l d i n g   t e c h n i q u e   f o r  
t h e  a i r l o c k  was t h e  r e q u i r e m e n t  f o r  m u l t i p l e  r e t r a c t i o n  and deployment cycles. 
Narmco f e l t  t h a t  t h e  b e s t  f o l d i n g  t e c h n i q u e  was a combination  of  random  and 
f o r c e d  f o l d i n g  p o i n t s .  
The use  o f  t he  e l a s t i c  r e c o v e r y  c o n c e p t  f o r  t h e  f l e x i b l e  w a l . 1  o f  t h e  a i r l o c k  
e x h i b i t s  t h e  b e s t  r e c o v e r y  c h a r a c t e r i s t i c s  when t h e  foam has  i t s  g r e a t e s t  
compression. To a c c o m p l i s h  t h i s  r e q u i r e s  many minor   ra ther   than  a few  major 
f o l d s  i n  t h e  wall s e c t i o n .  The use   o f  many f o l d s  i n  t h e  w a l l  s e c t i o n  a l s o  
p rov ides  fo r  f a s t e r  dep loymen t ,  s ince  sha l low c reases  ' 'pop  out"  more  easily 
than   deep   c r eases .   These   obse rva t ions   r e su l t ed   f rom  the   s e r i e s   o f   t e s t   mode l s  
which  were made f o r  t h i s  s t u d y .  
A se r ies  of  smal l - sca le  models  were  used  to  de te rmine  the  fo ld ing  charac te r -  
i s t i c s  o f  a i r l o c k .  The pr imary  disadvantage  of   the  scale   models  w a s  the  
lack   of   p roper   sca l ing   laws   for   composi te   cons t ruc t ion .  The s i ze   o f   t he  
models  could  and was reduced   geometr ica l ly .  However, w a l l  s t i f f n e s s   c o u l d  
not   be   reduced   accord ingly .   In   v iew  of   th i s   cont rad ic tory   na ture   o f   sca l ing  
composi te  wal l  sec t ion ,  Narmco assumed only geometr ic  scal ing for  the models  
and chose a i / 4 - s c a l e  a s  r e p r e s e n t a t i v e  o f  t h e  compromise  between f u l l  and 
sma l l   s ca l e .   Th i s   s i ze   p roduced  a model  which was 1 f t  i n  d i a m e t e r  and 
1-3/4 f t  l ong .   In   o rde r   t o   ach ieve  a similar s t i f f n e s s   o f   t h e   w a l l ,  a s c a l e  
of  112 was u s e d  r e s u l t i n g  i n  a th ickness  of  one  inch .  
The model s tudy began with s imple cyl inders  and progressed to  more  complex 
c o n f i g u r a t i o n s .  The  more  complex  models  included  configurations  with  f lexible 
o r  r ig id  bands  and  s imulated  convolut ions.  
The s i m p l e  cylinder  model i s  shown in  the  ex tended  and  fo lded  pos i t ions  in  
F igure   26 .   This   cy l inder  was t e s t e d  i n  a s i m p l e  f i x t u r e  which  allowed  the 
u s e   o f   c a b l e s   t o   f o l d   t h e   c y l i n d e r .  The areas   showing  the  surface  of  
extended  cyl inder  were t h e   r e s u l t s   o f   p r e v i o u s   f o l d i n g  t e s t s .  The c r e a s e s  
were t h e  i n i t i a t i o n  p o i n t s  f o r  t h e  m a j o r  f o l d s  as t h e  c y l i n d e r  was cycled.  
Some o f  t he  ma jo r  fo lds  o r  buck le s  were noted under  the shroud in  Figure 26 (b ) .  
Two general  approaches were then  t aken  in  the  mode l  s tudy  to  de t e rmine  i f  t he  
major   folds   or   buckles   could  be  e l iminated.  The f i r s t  approach w a s  t o  segment 
t h e  s k i n  i n  a manner  which  would f o r c e  t h e  c y l i n d e r  t o  f o l d  i n t o  s m a l l ,  
diamond-shaped  buckles. The buckles  were similar t o   t h o s e   e n c o u n t e r e d   i n  
buck l ing   o f   cy l inde r s   sub jec t ed   t o   ax i a l   compress ion .   Th i s  method  would  be 
n e c e s s a r y  i f  a " s t i f f "  s k i n  would have been needed for protection. 
This  approach w a s  app l i ed  to  sma l l  (6 - in . )  d i ame te r  cy l inde r s  and appa ren t ly  
worked a s   p r e d i c t e d .  However, t h e   a p p l i c a t i o n   t o   l a r g e r   c y l i n d e r s  was no t  
poss ib l e  because  the  buck l ing  cha rac t e r i s t i c s  fo r  t he  compos i t e  w a l l  could 
no t  be p r e d i c t e d  a c c u r a t e l y  b e f o r e h a n d  t o  d e t e r m i n e  t h e  s i z e  o f  t h e  diamond- 
shaped  segments. The s i z e   o f   t h e   b u c k l e  would  depend  on  the  shape and th ickness  
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(a)  Deployed 
(b) Folded 
Figure  26. C y l i n d r i c a l  Model i n  
F i x t u r e  
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o f  t h e  c y l i n d e r  a s  w e l l  a s  t h e  c o m p o s i t e  m a t e r i a l  p r o p e r t i e s .  ,&I e x t e n s i v e  
s t u d y  was n o t  made o f  t h i s  t e c h n i q u e ,  s i n c e  e x t r e m e l y  f l e x i b l e  s k i n s  were 
developed ,   thus   e l imina t ing   the   requi rement .  
The second approach  to  fo ld ing  and  packaging  was to  determine methods by 
which  the  creases could  be  minimized i n  t h e  w a l l  s e c t i o n .  Hoop bands were 
p l a c e d  a l o n g  t h e  l e n g t h  o f  t h e  c y l i n d e r  t o  see how t h e  f o l d i n g  p a t t e r n  
would  be  modified. The c y l i n d e r  shown i n  F i g u r e  27 was made wi th  bands  cu t  
from a 2-p ly  1ami .na te .  The  fo ld ing  pa t te rn  of  the  cy l inder  i s  shown by t h e  
sequence i n  F igure  2 8 .  The  "flexi,ble"  bands  had l i t t l e  e f f e c t  o n  d e c r e a s i n g  
t h e  l a r g e  f o l d s .  The same c y l i n d e r  w a s  then  folded  without   the  bands,   and 
t h e  f o l d i n g  p a t t e r n  was t h e  same as be fo re .   F igu re  29 shows t h e  c y l i n d e r ,  
w i t h o u t   b a n d s ,   p a r t i a l l y   a n d   f u l l y   f o l d e d .  The  major   folds   or   buckles  were 
p r e s e n t  i n  t h e  w a l l .  
The e f f e c t  o f  r i g i d  r i n g s  upon t h e  f o l d i n g  c h a r a c t e r i s t i c s  o f  a one-quarter  
s i z e  mode l  o f  t he  a i r lock  was de te rmined .  For  th i s  exper iment ,  r ings  wound 
with  impregnated  glass   roving were made and  assembled on the   model .  The 
extended  and  folded  model i s  shown i n  F i g u r e  3 0 .  The r i n g s  were e f f e c t i v e  
in   prevent ing  the  buckles   f rom  forming.  The packaging was accomplished by 
compress ion   of   the   mater ia l   and   a l so  by sma l l  fo lds .  Th i s  t ype  o f  fo ld ing  
is t h e  d e s i r e d  c h a r a c t e r i s t i c  f o r  t h e  e l a s t i c  r e c o v e r y  c o m p o s i t e .  
The use  o f  r ings  wi th  the  f l ex ib l e  compos i t e  s ec t ion  i s  a l so  compa t ib l e  wi th  
t h e   s t r u c t u r a l   r e q u i r e m e n t s   . f o r   t h e   a i r l o c k .   F o r   t h e   f u l l - s c a l e   a i r l o c k ,  
hoop  bands  o r  r ings  a re  necessa ry  to  res i s t  the  c i r cumfe ren t i a l s  l oads  as was 
p r e v i o u s l y  d i s c u s s e d .  
A r e l a t e d  a r e a  o f  i n v e s t i g a t i o n  was tha t  of  de te rmining  the  packaging  
loads  and  packaging  ra t io  which  could  be  expec ted  wi th  the  expandable  a i r lock  
system.  This  work was accomplished  with a f u l l - s i z e  d i a m e t e r  c y l i n d r i c a l  
s e c t i o n .  The c y l i n d e r  had a diameter   of  f t  and a length   o f  3 f t .  The 
th ickness   o f   the  w a l l  was t h e  same as r e q u i r e d  f o r  t h e  a i r l o c k .  The c y l i n d e r  
was  made without   convolut ions and  bonded t o  c i r c u l a r  end p l a t e s  t o  e n s u r e  
tha t  the  ends  would  remain  c i rcular ,   as  shown i n  F i g u r e  31. 
Load was a p p l i e d  t o  t h e  c y l i n d e r  e d g e  by  means of weights suspended from the 
cen te r   o f   t he   t op  end p l a t e .   T h i s  means of   suspension  prevented  the  load  f rom 
s h i f t i n g   i n   c a s e   t h e   c y l i n d e r   b u c k l e d   o n   o n e   s i d e .  Two l oad ing   cyc le s  were 
r u n .   D u r i n g   t h e   f i r s t  t e s t ,  t he ' cy l inde r   d id   buck le   on   one   s ide  (see Figure  32)  
when the  load  reached 75 l b .  
The bo t tom end  p l a t e  was t h e n  m o d i f i e d  w i t h  v e r t i c a l  p i p e  s u p p o r t s  t o  p r e v e n t  
the   l a rge   buckles   f rom  forming   in   the  w a l l  s e c t i o n .  The top   end   p la te  was 
a l l o w e d  t o  s l i d e  up and down t h e  v e r t i c a l  s u p p o r t s .  When t h e  c y l i n d e r  was 
loaded,  i t  fo lded   un i fo rmly   i n to  a major   c i rcumferent ia l   buckle .   This   c i rcum- 
f e r e n t i a l  f o l d  d i d  n o t  a l l o w  f o r  as much material compression as would have 
been   des i red .  The load  deformation  information was r e c o r d e d  u n t i l  t h e  maximal 
packaging was reached.   This   information i s  p l o t t e d   i n   F i g u r e  3 3 .  The deforma- 
t i o n  i s  the   ave rage  of  three   readings   a round  the   c i rcumference .  The c y l i n d e r  
a t  i t s  maximum load i s  shown i n  F i g u r e  3 4 .  
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Figure 27. Cylindrical Cylinder 
with  Flexible Bands 
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"- I 
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Figure  28. Folding  Sequence f o r  t h e  
Cyl inder  wi th  "Flex ib le"  
Bands 
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Figure  30. Cyl inder  Model wi th   Rig id  
Hoop Rings 
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Figure  31. Large Test C y l i n d e r ,   4 - f t  Diameter 
and 3 f t  Long 
F igure  32.  Large   Cyl inder   wi th   Buckl ing   Fa i lure  
on I n i t i a l  T e s t  
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Figure 33. Load-Deformation  Curve for 4-ft 
Diameter Cylinder 
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Figure  3 4 .  Large   Cy l inde r   w i th   Ver t i ca l   Suppor t s  
a t  Maximum Load 
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Due t o  t h e  c i r c u m f e r e n t i a l  b u c k l e ,  t h e  c y l i n d e r  d i d  n o t  c o m p l e t e l y  r e t u r n .  
This  tes t  ind ica t e s  t he  impor t ance  o f  packag ing  the  cy l inde r  by compression 
o f  t h e  material. The c i r cumfe ren t i a l  buck le  p reven ted  the  cy l inde r  f rom com- 
p l e t e l y  r e t u r n i n g  t o  i t s  o r i g i n a l  c o n f i g u r a t i o n  a f t e r  t h e  l o a d  was  removed. 
It expanded from a compressed height  of  8 in,. to an  unloaded  he ight  of  
1 2 - 1 1 2   i n .   i n  less than  1 minute.  Twenty-four  hours l a te r ,  t h e r e  had  been 
no s i g n i f i c a n t  change i n  h e i g h t  o f  t h e  c y l i n d e r .  A f t e r  t h i s  time the   buckle  
was mechanical ly  removed  and t h e  c y l i n d e r  s e l f - d e p l o y e d  t o  i t s  o r i g i n a l  h e i g h t .  
It i s  a n t i c i p a t e d  f r o m  t h e  r e s u l t s  o f  t h e  tes ts  conduc ted  wi th  r ig id  con- 
v o l u t i o n  r i n g s  t h a t  a n  a i r l o c k  d e s i g n e d  w i t h  c o n v o l u t i o n  a n d  r i g i d  r i n g s  
would  compress i n  a f avorab le   con f igu ra t ion   and  would f u l l y  d e p l o y .  However, 
even i f  t h e  a i r l o c k  d i d  n o t  c o m p l e t e l y  d e p l o y ,  p r e s s u r i z a t i o n  would complete 
the  deployment.  The  foam  would  then  recover  and  maintain  this  expanded  con- 
f i g u r a t i o n .  
A.  Packag ing   Capab i l i t i e s  
Based on d a t a  o b t a i n e d  f r o m  t h e  c y l i n d e r  s t u d i e s ,  t h e  p a c k a g e  r a t i o  f o r  
t h e   d i f f e r e n t   c o n f i g u r a t i o n s  was compiled (see Table 8 ) .  The f i r s t  
c y l i n d e r  t y p e  g i v e s  t h e  o p t i m a l  c o n d i t i o n ,  where a l l  t h e  m a t e r i a l  i n  t h e  
wai l   could   be   t igh t ly   packaged .   This  volume r a t i o  o f  1 6 . 4  would a l s o  
h o l d  f o r  t h e  l e n g t h  r a t i o  o f  t h e  a i r l o c k  c o n f i g u r a t i o n  s i n c e  t h e  b a s e  
a rea   o f   the   package   a rea   remains   cons tan t .  However, t h e   a i r l o c k   s t r u c -  
t u r e  c a n n o t  r e a c h  t h i s  maximum r a t i o  b e c a u s e  t h e  f l e x i b l e  c o m p o s i t e  w a l l ,  
when packaged , would  leave a vo id  in  the  cen te r  o f  t he  package .  The 
second  en t ry  in  Tab le  8 g ives  the  packag ing  r a t io  based  on t h e  t es t  of 
t he   4 - f t   d i ame te r   cy l inde r .  The tes t  d a t a  show an  expanded-to-packaged 
r a t i o  o f  4 . 6  b a s e d  on length  measurements.  The t h i r d  p a c k a g i n g  r a t i o  o f  
3 . 4  g i v e n  i n  T a b l e  8 was f o r  a small (1/4 s ize)  cyl inder  which had " s t i f f "  
s k i n s .  The s k i n s   f o r   t h i s   c y l i n d e r  were impregnated  with  the  polyvinyl idene 
c h l o r i d e   l a t e x .  The f o u r t h  t e s t  c y l i n d e r   l i s t e d   i n   T a b l e  8 was a l s o   1 1 4  
s i z e  b u t  u t i l i z e d  t h e  bond skins  which resul ted in  improved composi te  
f l e x i b i l i t y .  The s t i f f   r i n g s   p r e v e n t e d   l a r g e   b u c k l e s   f r o m   f o r m i n g   a s  
shown i n  F i g u r e  30 and r e s u l t e d  i n  a packag ing  r a t io  o f  7 .4 .  
The a c t u a l  p a c k a g i n g  r a t i o  o f  t h e  a i r l o c k  would  be s l i g h t l y  b e t t e r  t h a n  
t h e   7 . 4   g i v e n   f o r   t h e   f o u r t h  t e s t  c y l i n d e r   i n   T a b l e  8 .  Th i s   r ea son ing  i s  
based on t h e  f a c t  t h a t  t h e  m a t e r i a l  w o u l d  b e  e q u i v a l e n t  i n  f l e x i b i l i t y  a n d  
the   spac ing   be tween  r ings   would   be   g rea te r .  The t r u e  p a c k a g i n g  r a t i o  o f  
t h e  c y l i n d e r  w i l l  be known when a f u l l - s c a l e  a n d  g e o m e t r i c a l l y  c o r r e c t  
model i s  c o n s t r u c t e d ,  
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TABLE 8 
PACKAGING RATIO FOR  AIRLOCK  TYPE STRUCTURES 
TY Pe  
1) Test c y l i n d e r ;  
i n t e r n a l  volume 
to m a t e r i a l  
volume r a t i o  
2) Test c y l i n d e r  
3 )  Test c y l i n d e r ;  
no r i n g s ,  
" s t i f f "  s k i n  
4) Test c y l i n d e r ;  
f l e x i b l e  r i n g s ,  
f l e x i b l e  s k i n  
S i z e  
4 - f t  d i a ;  3 f t  h i g h ;  
2 .2  i n .  t h i c k  w a l l  
4 - f t  d i a ;  3 f t  h igh;  
2 .2  i n .  t h i c k  wall 
1 2 - i n .   d i a ;  22  i n .   h i g h ;  
1 i n .  t h i c k  wall 
1 2 - i n .   d i a ;  22 i n .   h i g h ;  
Packaging Ratio 
V 
"packaged 2 ..3 
expanded = - - 37 '7  - 16.4  
L 
expanded - - - 36 = 4 . 5  
Lpackaged 8 
L expanded - - 22 
6 . 5  
- = 3.4  
Lpackaged 
Lexpanded - " =  
Lpac  kaged 
22  7.4 3 
I X .   D E S I G N  OF AIRLOCK 
The ac tua l  "des ign"  of  the  expandable  s t ruc ture  i s  dependent  on  the  prev ious ly  
d iscussed   i t ems .  The s t r u c t u r a l   f a b r i c   e s t a b l i s h e d   t h e   b a s i c   s h a p e   r e q u i r e d  
for a s t r o n a u t  e g r e s s .  The th i ckness   o f   t he   me teo ro id   p ro t ec t ion   l aye r s   have  
been   e s t ab l i shed .  The remain ing   des ign   aspec ts   inc lude   the   a t tachments ,   ha tch  
mechanism,  and t h e  r e t r a c t i o n  mechanism. The comple te   a i r lock   des ign   concep-  
t i o n  i s  shown i n  F i g u r e  35. The previous ly   no ted  items are d i s c u s s e d  i n  
d e t a i l  i n  t h e  f o l l o w i n g  s e c t i o n s .  
A. 
B.  
Attachments 
The primary purpose of  the at tachment  i s  t o  p r o v i d e  a means f o r  t r a n s f e r r i n g  
t h e  a i r l o c k  l o a d  t o  t h e  b a s e  s t r u c t u r e .  The s t r u c t u r a l  e n d  r i n g s  f o r  t h e  
a i r l o c k   o n l y   r e q u i r e   a t t a c h m e n t   t o   t h e   l o a d - c a r r y i n g   l a y e r ,   t h e   s t r u c t u r a l  
f a b r i c :  The bes t   mechan i sn   fo r   t r ans fe r r ing   t he   l oad   f rom  the   s t ruc tu ra l  
f a b r i c  i s  by  means o f  a c i r c u l a r  r i m .  
The design load on t h e  r i m  i s  g iven  by equa t ion  (10) i n  S e c t i o n  V 
F i  - " n T  
D n r  
cos (a, + B )  
where 
B = - ( - - a  1 n  = - 1 (9C" - 58.21') = 15.90" 
2 2  D 2 
Then 
FA - - n (18) 
19'320 cos (90" - 15.90') = 93.5 l b / i n .  
This  load i s  taken  by t h e  r i m  on  a contoured  f lange ,  as shown i n  
F igure  36. 
The bending stress i n  t h e  r i m  which  resu l t s  f rom the  a t tachment  load  
FA can  be  e s t ima ted  by  cons ide r ing  the  load  to  be  suppor t ed  by r a d i a l  
s t r e s s e s  a l o n e  ( i . e . ,  by neg lec t ing  the  con t r ibu t ion  f rom t angen t i a l  
s t r e s s e s ) .   F o r   t h i s   c a l c u l a t i o n ,  assume  the  overhang  to   be a = 0.5  i n .  
Then the  r ad ia l  bend ing  moment i s  
= F' a = 93.5 l b l i n .  * 0.5 i n .  = 47 Ib i n . / i n .  R 
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Figure  35.  Expandable  Airlock  General  Design  Concept 
h = 0.17  
m 
i n .  
F igu re   36 .   Cross -Sec t iona l   De ta i l   f o r  R i m  
(Sca le :  2 t i m e s   f u l l   s i z e )  
The s e c t i o n  modulus per inch of r i m  l eng th  i s  
where h i s  the   t h i ckness  a t  t h e   r o o t  of t he   f l ange .   Fo r  a des ign  
stress of 10 ,000  ps i .  
I' h2 - M I  47 .  
C 6 S 10,000 
- 
o r  
h = 0.17 i n .  
Ana lys i s  o f  t he  a t t achmen t  of t h e  r i m  t o  a base  was d e f e r r e d  u n t i l  t h i s  
s t r u c t u r e  i s  de f ined .  A t  t h i s  t i m e ,  a b o l t i n g  c i r c l e  would  be  the  most 
convenient ,  as shown a t  the base of t h e  a i r l o c k  d e p i c t e d  i n  F i g u r e  3 5 .  
F o r  t h e  c o n s t r u c t i o n  o f  t h e  a i r l o c k ,  t h e  s t r u c t u r a l  f a b r i c  w i t h  t h e  d r a w -  
s t r i n g  i n  p l a c e  would  be  he ld  in  contac t  wi th  the  r i m  by means of a clamping 
r i n g .  The same method  of  attachment w i l l  be  used a t  the  ha tch  end  of  the 
a i r lock ,  and  the  c l amping  r ing  i s  shown i n  h a t c h  end d e t a i l  o f  F i g u r e  3 5 .  
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C .  Hatch 
The h a t c h  f o r  t h e  e x p a n d a b l e  a i r l o c k  c o n c e p t  p r e s e n t e d  some d e s i g n  
p r o b l e m s ,   d u e   t o   t h e   n a t u r e   o f   t h e   f l e x i b l e   s t r u c t u r e .  It was assumed 
t h r o u g h o u t  t h i s  s t u d y  t h a t  a r i g i d  h a t c h  would be used f o r  t h e  a i r l o c k .  
O the r  bas i c  des ign  c r i t e r i a  i nc luded  the  fo l lowing :  
1. The h a t c h  would  have a p o s i t i v e  s e a l ;  i .e.,  t h e  seal  would  become 
t i g h t e r  when under  pressure .  
2 .  An opening  load  of   40  lb   or  less was d e s i r e d .  
3.   Hinges  would  not  be  used  because  of  the  f lexible  nature  of  the  wall .  
The r e s u l t  o f  t h e s e  c r i t e r i a  was a ha tch  wi th  a sphe r i ca l  r ad ius  wh ich  
combined t h e   c a t c h i n g   a n d   s e a l i n g   f u n c t i o n s   i n  a s i n g l e  u n i t .  The 
bas i s  o f  t he  des ign  was t h e  p r e m i s e  t h a t  t h e  a s t r o n a u t  would  be a b l e  t o  
pu l l  t he  ha t ch  toward  h imse l f  more e a s i l y  t h a n  a p p l y i n g  a t o r s i o n .  Hence, 
t h e  h a t c h  was designed to open inwardly,  which would also provide the 
p o s i t i v e  s e a l .  The ha tch   would   be   he ld   in   p lace   wi th   bu l le t - type   ca tches  
s p r i n g - l o a d e d   t o   p r o v i d e   t h e   f o r c e   t o   h o l d   t h e   h a t c h   i n   p l a c e .  It was 
e s t i m a t e d  t h a t  t h r e e  c a t c h e s  would   ho ld   the   ha tch   in   p lace .  A load  of 
30 l b  was e s t ima ted  a s  t he  r equ i r emen t  t o  open  the  ha t ch  wi th  a zero 
p r e s s u r e  d i f f e r e n t i a l .  A s e c t i o n   o f   t h e   h a t c h   r i n g   a n d   c a t c h e s   a r e  
shown on the  face  of  the  conceptua l  drawing  (see  sec t ion  €3 o f  F igure  35) .  
The spher ica l  shape  of  the  ha tch  was c h o s e n  t o  a l l o w  f o r  a g e n e r a l  membrane 
t y p e  s t r e s s  f i e l d  i n  t h e  s h e l l  of   hatch.   Areas   of   discont inui ty   would 
occur ,   however ,   around  the  edge  of   the  shel l .  The edge   r ings  w i l l  provide 
e d g e  r e s t r a i n t  i n  t h i s  a r e a .  The ha tch   edge   r i ng  was t a p e r e d  t o  p r e v e n t  
a s t i f f n e s s  d i s c o n t i n u i t y  i n  t h e  t r a n s i t i o n  b e t w e e n  t h e  m e t a l  r i n g  a n d  
t h e  l a m i n a t e  s h e l l .  
The s p h e r i c a l  h a t c h  s h e l l  was assumed t o  b e  a n  o m n i d i r e c t i o n a l ,  r i g i d  
g l a s s  r e i n f o r c e d  p l a s t i c  l a m i n a t e  t o  p r o v i d e  b o t h  h i g h  s t r e n g t h  a n d  low 
weight .  The a n a l y s i s  of o m n i d i r e c t i o n a l   l a m i n a t e   s t r e n g t h   l e v e l s  was 
obta ined   f rom  the   p rocedure   g iven   in  MIL-HDBK-17 (Reference  14) .  The 
a n a l y s i s  a c c o u n t s  f o r  t h e  e f f e c t  o f  l a y e r s  o f  c l o t h  p l i e d  a t  d i f f e r e n t  
a n g l e s .  From t h i s  work,  the minimum s t r e n g t h  would  be 29,000 p s i .  
Th i s   con f igu ra t ion  was found t o  be   l i gh te s t   we igh t   cons t ruc t ion .   Fo r  
example, t h i s  l a m i n a t e  would  weigh  approximately 2 l b ,  w h i l e  a f l a t  
sandwich panel  for  the same l o a d i n g  c o n d i t i o n  would  weigh a minimum of 
7 .4   l b .  The f l a t  sandwich  panel  weight was based  upon  the  design  pro- 
c e d u r e  o u t l i n e d  i n  MIL HDBK-23 (Reference 15) f o r  t h e  l o a d i n g  c o n d i t i o n  
o f  u n i f o r m  p r e s s u r e  f o r  f l a t ,  c i r c u l a r  p a n e l s .  
This  type of  spherical  hatch which combines the catching and seal ing 
func t ions  on t h e  o u t e r  r i n g  would provide the best  performance for 
c l o s u r e  a t t a c h m e n t  t o  t h e  f l e x i b l e  a i r l o c k .  
To p r o v i d e  p r o t e c t i o n  from the micrometeoroid environment,  the top of the 
h a t c h  would  have  the foam and bumper l a y e r s  e q u i v a l e n t  t o  t h e  p r o t e c t i o n  
a f f o r d e d  t h e  f l e x i b l e  wal l .  
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D .  R e t r a c t i o n  Mechanism 
The requirement  for  deployment  - r e t r a c t i o n  c y c l e s  n e c e s s i t a t e d  t h e  u s e  
of a r e t r a c t i o n  mechanism fo r  t he  expandab le  a i r lock .  Use o f  f l e x i b l e  
c a b l e s  was t h e  m o s t  e f f e c t i v e  method o f  r e t r a c t i n g  t h e  a i r l o c k .  The 
c a b l e s  w e r e  a t t a c h e d  t o  t h e  t o p  r i n g  o f  t h e  a i r l o c k ,  a n d  s p a c e r s  w e r e  
u s e d  t o  l o c a t e  t h e  c a b l e s  away f r o m  t h e  o u t e r  s u r f a c e  o f  t h e  f l e x i b l e  
material. The space  between  the  cable  and wall material would  prevent 
rubb ing  o f  t he  the rma l  con t ro l  su r f ace  by  the  cab le s .  
The winding  r ing  device  was devised  as an  adequa te  sys t em o f  r ee l ing  in  
t h e   c a b l e s   f o r   a i r l o c k   r e t r a c t i o n   a f t e r   e v a l u a t i n g   s e v e r a l   s y s t e m s .  Two 
of  the  sys tems inves t iga ted  and  d iscarded  in  favor  of  the  winding  r ing  
were a torque   cab le   and   bundl ing   of   the   re t rac t ion   cab les .  The la t ter  
system was the  s i m p l e s t  s i n c e  a l l  t h e  r e t r a c t i o n  c a b l e s  were ga thered  
t o g e t h e r  a t  a s i n g l e  drum. The pr imary   d i sadvantage   for   th i s   sys tem was 
t h e  p o s s i b i l i t y  o f  t h e  c a b l e s  f o u l i n g  on each   o the r .  The torque   cab le  
sys tem cons is ted  of  a s e r i e s  of drums around the circumference of the 
a i r l o c k   b a s e .  A r e t r a c t i o n   c a b l e  was mounted  on  each  drum. The drums 
were interconnected by the torque cable  which provided the turning force.  
This system was discarded due to the unequal loads which would be  app l i ed  
t o   t h e   c a b l e s .  
It was des i r ed  to  have  a r e t r a c t i o n  mechanism which applied an equal load 
t o  a l l  c a b l e s ,  r e q u i r e d  a minimum of  space  s t a t ion  mod i f i ca t ion ,  was 
s imple   t o   ma in ta in ,   and ,   o f   cou r se ,  was l igh twe igh t .  The winding  r ing 
appeared  to  f i t  t h e s e  r e q u i r e m e n t s .  The winding  r ing  concept  i s  shown 
i n  F i g u r e s  1 and 3 5 .  I n  o p e r a t i o n ,  t h e  r e t r a c t i o n  c a b l e s  are a l l  mounted 
t o   t h e   r i n g   t o   p r o v i d e   e q u a l   t e n s i o n .  A s  t h e   r i n g   r o t a t e s ,   t h e   c a b l e s  
would  be wound on the  r ing  and  the  a i r lock  pu l l ed  in .  The torque  to   pro-  
v i d e  t h e  r o t a t i o n  would be  appl ied  by  a dr ive  uni t  which  could  be e i t h e r  
motorized  or   manual ly   operated.  The power r e q u i r e m e n t s   f o r   t h e   r e t r a c t i o n  
mechanism  would  be r e l a t i v e l y  small due t o  the  to rque  mul t ip l i ca t ion  o f  
t he   l a rge   d i ame te r   r i ng .   Th i s   sys t em had  the  advantage  in   that  i t  r equ i r ed  
only  a s ing le  hole  through the  spacecraf t  wal l  for  the  dr ive  shaf t ,  which  
reduces  the  number o f  poss ib l e  l eak  a reas  to  a minimum. 
E .  Inner   L iner  
The i n n e r  l i n e r  i s  the   p r imary   gas   ba r r i e r   fo r   t he   a i r lock   sys t em.  A s  
d i scussed  p rev ious ly ,  2 -mi l  t h i ck  po lyv iny l idene  ch lo r ide  would  be 
adequa te   fo r   t h i s   pu rpose .  The l i n e r  i s  n o t   a t t a c h e d   t o   t h e   s t r u c t u r a l  
f a b r i c  b u t  s e a l e d  a t  each  end  r ing.  The l i n e r  would   be   fabr ica ted   to  
t h e  s h a p e  ( i . e . ,  c o n v o l u t i o n s )  t h e  a i r l o c k  a s s u m e s  w i t h  o p e r a t i n g  
p r e s s u r e .  
S i n c e  t h e  l i n e r  i s  n o t  a t t a c h e d  t o  t h e  s t r u c t u r a l  f a b r i c ,  p r o v i s i o n s  f o r  
r e p l a c i n g  t h e  l i n e r ,  s h o u l d  t h i s  become necessary,   have  been  incorporated 
i n t o  t h e  a i r l o c k  d e s i g n .  The ends of t h e  l i n e r  would  be  formed i n t o  seals 
which i n  t u r n  would f i t  i n t o  t h e  end r i n g s .  An a l t e r n a t i v e  t o  t h e  r e p l a c e -  
ment l i n e r  would  be t o  a d d  m o r e  m a t e r i a l  t o  t h e  l i n e r  t o  p r o v i d e  a "scuf f"  
s u r f a c e .  T h i s  a p p r o a c h  w o u l d  s i m p l y  a d d  t o  t h e  r e l i a b i l i t y  of t h e  s i n g l e  
l i n e r .  E i t h e r  method  would  probably r e s u l t  i n  t h e  same we igh t  pena l ty .  
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X.  WEIGHT ESTIMATE 
The we igh t  e s t ima te  fo r  t he  expandab le  a i r lock  sys t em i s  shown i n  T a b l e  9.  
N o t  i n c l u d e d  i n  t h i s  w e i g h t  estimate were  the  va lv ing  sys t em,  r e t r ac t ion  
r i n g  d r i v e  u n i t ,  a n d  a base   c losu re   p l a t e .   These  items r e q u i r e  a system 
ana lys i s  wh ich  was beyond the   scope  of t h i s  f e a s i b i l i t y  s t u d y .  The w a l l  of 
t h e  a i r l o c k  was based  upon  an  assumed area of 95 s q  f t .  The material weight  
f o r  t h e  wal l  was based upon the weight  of  actual  composi te  samples  and 
s t r u c t u r a l  f a b r i c  w h i c h  r e s u l t e d  i n  a t o t a l  o f  4 3 . 4  l b .  The end r i n g s ,  
ha tch ,   hoop  r ings ,   and   inner   l iner   accounted   for   41 .8   lb .  The remainder 
of the .  101- lb  a i r lock  sys tem weight  cons is ted  of  the ret ract ion mechanism.  
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TABLE 9 
AIRLOCK  WEIGHT  ESTIMATE 
It emf< 
1.. Hatch 
2 .  Upper end   r i ng  
3 .  Cap 
4 .  Composite w a l l y t 9 t  
a .  P r o t e c t i o n  l a y e r s  
b .  S t r u c t u r a l  f a b r i c  
5 .  Hoop r ings   and  
d r a w s t r i n g s  (2) 
6 .  A . i r t i g h t   l i n e r  
7 .  Bottom  end r i n g  
8.   Retract ion  mechanism 
a.  Cable  hanger ( 4 )  
b.   Cables  & eyes ( 4 )  
c .   P u l l e y s  ( 8 )  
d . Winding r i n g  
e .  Winding r i n g  
r e t a in ing  a s sembly  
( 4 )  
f .  S h i e l d  a s s e m b l y  
Materials 
Laminate ,  r ing  & foam 
Aluminum 
Laminate 
Foam & c l o t h  38 l b  
Dacron & monofilament 5.4 l b  
Wound f i b e r g l a s s  
Polyvinyl idene  ch lor ide  
A.luminum 
Various 
Laminate 
9~ V a l v e s ,  t u b i n g ,  r e t r a c t i o n  d r i v e  u n i t ,  o r  a t t a c h m e n t  p l a t e  
no t  cons idered .  
JJ. 
" d b  Composite w a l l  weight based on a s u r f a c e  area of  95 f t  . 2 
10.5 
18.9 
3 .O 
4 3 . 4  
( t o t a l )  
6 . 5  
2 .5  
3 . 4  
4 . 0  
1 .o 
0 . 8  
4 .O 
1.0 
2 .o 
~ 
101 .o 
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X I .  CONCLUSIONS AM) RECOMMENDATIONS 
From t h i s  program, the fol lowing items f o r  t h e  e x p a n d a b l e  a i r l o c k  c o n c e p t  
were e s t a b l i s h e d :  
1. The f l e x i b i l i t y   r e q u i r e d   f o r   s u f f i c i e n t   p a c k a g i n g  was ob ta ined .  
2 .  The r e q u i r e d   o p t i c a l   p r o p e r t i e s   f o r   t h e   t h e r m a l   c o n t r o l   c o a t i n g  
have  been  es tab l i shed  which ,  a long  wi th  the  insu la t ion  proper t ies  
o f  t h e  foam, p rov ide  the  necessa ry  the rma l  p ro tec t ion  f rom the  
maximal  hea t ing  condi t ion .  
3 .  The protect ion  necessary  f rom  the  expected  micrometeoroid  environ-  
ment has been determined. 
4 .  The ha tch  p re l imina ry  des ign  was e s t a b l i s h e d  t o  meet the  leakage  
and opening requirements.  
5 .  The r e t r a c t i o n  s y s t e m  was d e s i g n e d  f o r  t h e  a i r l o c k  r e p a c k a g a b i l i t y  
requi rements .  
Narmco recommends t h a t  a f u l l - s c a l e  o p e r a t i o n a l  e x p a n d a b l e  a i r l o c k  be f a b r i -  
c a t e d  and e v a l u a t e d  f o r  p o s s i b l e  u s e  on a fu r the r   space   mi s s ion .  The r e l a t e d  
work t o  t h i s  t a s k  would i n c l u d e  t h e  f i n a l  d e s i g n  o f  t h e  a t t a c h m e n t  r i n g s  
and r e t r a c t i o n  mechanism.   Determining  the  thermal   control   coat ing,   which 
would have the proper  values ,  must  a lso be included in  the future  endeavor .  
90 
REFERENCES 
1. Whi t taker   Corpora t ion ,  Narmco Research & Development  Division,  Development 
and  Evalua t ion  of  the  E las t ic  Recovery Concept for Expandable Space Struc- 
t u r e s ,  F i n a l  R e p o r t ,  b y  N .  0. Br ink  e t  a l . ,  Con t rac t  NASw-661, San  Diego, 
C a l i f  ., 29 Apr 1964 (also NASA Cont rac tor  Repor t  CR 121, Dec 1964) 
2.  John  L. Mason, Ph.D.,  "Spacecraft  Thermal Management" ( l e c t u r e   p r e s e n t e d  
as p a r t  of cour se  g iven  a t  UCLA, Los Ange le s ,  Ca l i f . ,  May 1964) 
3 .  F .  K r e i t m ,  P r inc ip l e s   o f   Hea t   T rans fe r ,   I n t e rna t iona l   Tex tbook  Company, 
Scranton,   Pa. ,   1958 
4 .  D .  L. Clemmons and J. D .  Camp, "Amorphous Phosphate  Coatings  for  Thermal 
Control of Echo 11" (pape r  p re sen ted  a t  t he  Mul t i l aye r  Sys t ems  Symposium 
o f  the  E lec t rochemica l  Soc ie ty ,  Los Angeles ,  Cal i f  ., May 1962) 
5 .  Air Force  Systems Command, Nonmetallic Materials Laboratory,  Improved 
Organic  Coat ings for  Temperature  Control  in  a Space  Environment, by 
H. H .  Hormann, Technical  Documentary  Report No.  ASD-TDR-62-917, Wright- 
P a t t e r s o n  A i r  Force Base, Ohio,  Feb  1963 
6.  Society  of  Automotive  Engineers,  Inc.,  Aero-Space  A.pplied  Thermodynamics 
Manual, New York, N . Y . ,  J a n  1962 
7 .  As t ro   Research   Corpora t ion ,   Des ign   of   Inner   Pressure   She l l   fo r   Ai r lock  
S t r u c t u r e ,  by J .  A .  Loisch,  ARC-R-159, Santa  Barbara ,  Cal i f  ., 15 Aug 1964 
8 .  As t ro   Resea rch   Corpora t ion ,   S t ruc tu ra l  and Folding  Analysis  of  the  A.irlock, 
by H.  Schuerch  and A .  Kyer, ARC-R-169, San ta   Ba rba ra ,   Ca l i f . ,  16 Oct  1964 
9.   Astro  Research  Corporat ion,   Anclysis  p f  A _ x i s p > t r i c ,   R o t a t i n g   P r e s s u r i z e d  
F i l a m e n t a r y  S t r u c t u r e s ,  by 0. R .  Burggraf  and H.  Schuerch, ARC-R-74, 
San ta   Ba rba ra ,   Ca l i f . ,   Sep t  1962 
10. P.   F.  Byrd and M .  D .  Friedman, Handbook o f   E l l i p t i c   I n t e g r a l s   f o r  
Engineers   and  Physicis ts ,   Lange,   Maxwell ,  & Springer ,   1954 
11. Meteoroid  data  (unpublished)  from  Systems  Engineering  Group,  Research  and 
Technology Division, A i r  Force  Systems Command, U n i t e d  S t a t e s  A.ir Force,  
Wright -Pa t te rson  A i r  Force  Base,  Ohio 
12 .   Nat iona l   Aeronaut ica l   and   Space   Adminis t ra t ion ,   Meteoro id   Ef fec ts   on  
Space  Explorat ion,  NASA TND 1839,  Oct  1963 
13. J. H.  Gehring, D .  R.  Christman  and A .  R .  McMillan,  "Hypervelocity  Impact 
Studies  Concerning the Meteoroid Hazard to  Aerospace Mater ia ls  and 
S t ruc tu res ' '  ( pape r  p re sen ted  a t  the  AIAA Meeting Palm Spr ings ,  Ca l i f . ,  
Apr 1964) 
91 
14. MIL-HDBK-17, " P l a s t i c s   f o r   F l i g h t   V e h i c l e s , "  P a r t  I Re in fo rced   P l a s t i c s ,  
Armed Forces  Supply  Support  Center,  1959 
15. MIL-HDBK-23 P a r t  111, "Composi te   Cons t ruc t ion   for   F l igh t   Vehic les , "  
P a r t  111, Design Procedures,  Armed Forces  Supply  Support  Center, Nov 1959 
92 NASA-Langley, 1965 CR-35 
